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ABSTRACT
Enamines undergo deuterium exchange with acetone-dg to 
produce the beta-deuterated analogue. A detailed study of the exchange 
reaction revealed that the rate of exchange was pseudo-first order in 
enamine in the presence of a ten-fold excess of acetone-dg. The 
exchange process can be followed by nmr spectroscopy. The initial 
exchange rate for a number of enamines was determined under pseudo- 
first order conditions and correlated with the chemical shift of the 
vinylic proton as well as the reactivity in typical synthetid.applications 
of the examines.
The enamines were grouped into three classes: cyclic and
bicyclic enamines, enamines derived from heterocyclic ketones,and
enamines derived from cyclic ketones. The relative rates for cyclic
enamines, based upon 1,4,4-trimethyl-^-tetrahydropyridine as a
2
standard were found to be: 1,2,6-trimethyl-A-tetrahydropyridine,
0 .1 ; 1,4-dihydropyridine, 0 ; ^J^^-dehydroquinolizidine, .0014. Enamines 
which were derived from heterocyclic ketones exhibited the following rela­
tive rates: N-pyrrolldino-l-cyclopentene, 2.20; N-morpholino-1-
cyclopentene, 1 ,0 0 ; 3-N-pyrrolidino-2,5/4,5-dihydrothiophene, 0.52;
3-N-pyrrolidino-4,5-dihydrothiophene-1,1-dioxide, 0.22; 3-N-morpholino~
4,5-dihydrothiophene-1,1-dioxide, 0.084; 3-N-morpholino-2,5/4,5-dihydro­
thiophene, 0.045. Precise correlation of the exchange rates within the 
enamines derived from cyclic ketones was not meaningful due to variations 
in reaction order and experimentally imposed changes in solvent media; 
however, the following trend was established: N-pyrrolidino-1-
cyclopentene (5/5)~  N-pyrrolidino-l-cycloheptene (5/7) >  N- 
pyrrolidino-1-cyclohexene (5/6) >  N-pyrrolidino-3,3,5,5-tetramethyl-
vii
1-cyclohexene (5/TM-6) >  N-hexamethylenimino-l-cyclopentene 
(7/5) >  N-hexamethylenimino-1-cyclohexene (7/6) N-hexamethyl- 
enimino-l-cycloheptene (7/7) >■ N,N-dimethylenimino-l-cyclopentene 
(DMI/5) >  N-piperidino-1-cyclohexene (6 /6 ) >  N-morphollno-1- 
cyclopentene (m/5) >  N-piperidino-1-cyclopentene (6/5) >  N-morpho-
lino-1-cyclohexene (m/6).
The chemical shift of the vinylic proton downfield from 
tetramethylsilane for the series of enamines derived from cyclic 
ketones increased in the order: 5/5 <5/TM-6 <  DMl/5 <  7/5 < 5 / 6 <
m/5 < 6/5 <  7/6 < 6/6 CSS 5/7 <  7/7. The chemical shift data correlate 
poorly with the relative deuterium exchange rate indicating that the 
electron density at the beta carbon is not the exclusive factor 
influencing enamine reactivity. Attempts to correlate the exchange 
rates with Michael addition of methyl acrylate and acrylonitrile, 
alkylation with benzyl and alkyl halides, acylation with propyl 
chloride,and the reaction with cyanogen all failed to yield a 
significant correlation. The poor correlations are attributed to the 
complicated interrelationship resulting from different mechanistic 
pathways of the various reactions, steric effects, competing electronic 
effects, and solvent effects. However, when a series of cyclic enamines 
prepared from a given ketone substrate was considered, the relative 
rate correlation studies were more successful and the deuterium exchange 
technique was effective in ascertaining steric contributions to relative 
reactivity.
viii
CHAPTER I 
INTRODUCTION
Interest In enamine chemistry has increased considerably in 
the last twenty years. The revived interest stems from the discovery 
by Stork^- that enamine alkylation is one of the best synthetic techni­
ques for introducing a substituent next to a carbonyl group in cyclic 
ketones. Since Stork's paper, more than 700 publications have appeared 
on the subject of enamines as interest in the field continues to ex-
p
pand. The use of enamines to prepare alpha substituted ketones has 
become an important synthetic building block in the synthesis of many 
complex molecules. One feature of enamines is the electronic config­
uration which is made up of a pair of free electrons on a nitrogen 
next to a carbon carbon double bond. This three-atomic four-electron 
resonance-stabilized system with three potential reaction sites is 
obviously capable of some very interesting and very unusual chemistry. 
How and why certain reactants behave towards enamines the way they 
do and the factors affecting the reactivity of enamines open doors of 
fascinating chemistry. This Thesis is an attempt to look at the 
mechanistic studies already completed on enamines and to introduce 
a new reaction which may be useful in unlocking some of the secrets 
to enamine reactivity.
In spite of the number of papers on enamines, there is a 
paucity of information on the relative chemical reactivity of various 
types of enamines. The nucleophilic character and basicities of en­
amines have been generally established, yet little quantitative in­
formation has been obtained which would help choose the optimum
2enamine system for carrying out a particular reaction. If more were 
known about the chemical reactivity of enamines in general, other 
generalizations such as these could be made. Hopefully, a specific 
enamine could be suggested to carry out a particular reaction. If 
such information were available, enamines would perhaps find even 
broader use in synthetic applications.
The term "enamine" was first introduced by Wittig and 
Blumenthal^ as the nitrogen analogue of the term "enol".
-C=C-N- -C=C-OH
1 1 1  1 I
Since there are a pair of electrons on the nitrogen, the enamine structure 
can be approximated by two mesomeric forms, I and II, The contribution
0 ©
-C=C-N- -C-C=N-
i t i i t i
I II
of each resonance form to the total resonance hybrid will depend upon the 
extent to which the electrons on nitrogen can interact with the double 
bond without distorting the geometry of the molecule. The pair of 
electrons on the nitrogen can be donated to the electrophile to give an 
enammonium cation, III, R
-C=C-^-
■ ■ t
III
or attack can occur at the beta carbon in structure II to give an 
immonium cation, IV, R
i i
-C-C=N- 
' 1 ©
IV
and any conclusions about the reactivity of the various enamines 
will have to take into consideration the two potentially reactive 
sites in the enamine.
Host of the studies on the reactivity of enamines in the 
past have taken the form of C-product formation vs. N-product forma­
tion s t u d i e s . M u c h  insight into the factors affecting enamine 
reactivity has been obtained from these studies. The rate of formation 
of the C-product may or may not be related to the rate of N-product 
formation and vice versa. In most synthetic reactions, C-product is 
a desired product. Opitz suggested that alkylation and protonation 
reactions proceed via initial formation of an N-substituted inter­
mediate followed by rearrangement to the more thermodynamically 
stable carbon substituted product.^*® Of course, whether the product 
formation can be explained by a N to C transfer in a 1,3-shift type 
mechanism or whether it is explained by a shift in the N to C
-Cv -Cx ' -C R
VC-H C-H
, . * H
equilibrium is debatable. In most cases, a 1,3-shift type mechanism
\ / \
N 1^-R
" X 0  RX ^ 1 RX . '
_c    -c    -c.
C-R n C-H X  C-H
is not necessary to explain the experimental results. In any case, 
the factors affecting the rates of N-product versus C-product can give 
valuable information into the factors influencing the reactivity of 
enamines in general.
4Some idea of the ambident nature of the enamine system can 
be obtained from the charge densities approximated from molecular 
orbital calculations. Semiempirical molecular orbital calculations 
by Evleth on amino ethylene, assuming bond lengths of C=C (1.35 &) , 
C-C (1.45 A), C-N (1.39 A) and a bond angle of 120°, show the 
following computed charge densities in the ground state (v) and the 
excited state (vi) for this molecule.
1.868 N.1 . 6 2 5
C 0.982 C 1.285
I 1
C 1.150 C 1.090
v vi
O
M. Holik, J. Janak and M. Ferles calculated the following 
electron densities in model compounds vii, viii, ix by means of the 
Hiickel LCAO MO method.
C 1.15 CH, 1.95 C 1.23
II /  3 II
C 0.94 C 1.09 -C^O.91
If X  C H
1.91 C 1.03 1.91 1.95
1.93
vii viii ix
5The electron density values as calculated by the HMO method can be
correlated with the retention times on a tris ( >fl —  cyanoethoxymethyl)-
y-picoline column and with chemical shifts in the nmr spectra of
related compounds. For example, the high electron density <1.23) at
the unsaturated beta carbon in structure ix is reflected by the high
field chemical shifts of the beta olefinic proton in 1,2-dimethyl-^-
tetrahydropyridine (4.03 ppm) (xi) and l-ethyl-2-dimethyl-^-tetrahydro-
pyridine (3.99 ppm)(xii). In the 1,3-dimethyl-J^-tetrahydropyridine (x),
the cheriical shift of the alpha olefinic proton was 3.42 ppm, a value
2
within the usual range. The l,2-dimethyl-4 -tetrahydropyridine compound
had a longer retention time than the 1,3-dimethyl derivative, and this
difference in retention time can be attributed to the difference in the
polarities of the olefinic bond in the two compounds. The molecular
orbital calculations for these simple enamine model compounds show a
higher electron charge density on the nitrogen atom than on the carbon
atom. Thus, one might predict that the nitrogen atom would be the
preferred site for an attack by an electrophilic reagent, or at least
the first position of attack.
The crystal and molecular structure of N,N-dimethylisopropyliden-
iminium perchlorate have been determined by single-crystal x-ray dif-
q
fraction techniques. The dimethylisopropylideniminium cation is planar 
(D2h crystallographic symmetry, molecular symmetry), with a C =
distance of 1.302 A and a C —  CHg (or N —  CH^) distance of 1,513 A. The 
H^C-N-CHg angle is 125.4° and the H3C-C-N angle is 117.3°.
o o
CH3 /
\
C = N CIO
4
ch3 CH
3
6Mechanistic studies on the hydrolysis of tertiary enamines 
to the corresponding carbonyl compounds and the secondary amine gave 
some insight into the factors affecting the reactivity of enamines.
The factors affecting the rate of proton addition from water would be 
related to the factors affecting the reactivity of the nitrogen and 
the beta carbon of the enamine. Of prime concern is the question as 
to where the proton adds* on the nitrogen or on the beta carbon.
Stamhuls suggests that Opitx and Griesinger’ experimental * 
evidences on the protonation of the enamines with hydrogen chloride 
does not Immediately lead to immonlum salts but in moat oases* if not 
all* first leads to a formation of the corresponding enanmonium ions 
which afterwards rearrange more-or-lass rapidly to the more stable 
immonlum ions.10 The amount of C-protonation Increased with the 
reaction time. These results indicated that formation of the enatrnnonium 
salt Is kinetically controlled while protonation on the beta carbon is 
the thermodynamically controlled process* The fact that the percentage 
of C-protonation was considerably greater in the pyrrolidino enamines 
than in the morphollno enamines under kinetic oontrol conditions does 
not necessarily demand a preequilibrium N-protonation step before 
C-protonatlon in pyrrolidino enamines. The tendency for an N-protonation 
equilibrium step could very well explain the slow rate of C-protonatlon 
in the morphollno and piperldino enamines.
The data of Oplts and Griesinger^ established an order of 
reactivity for nucleophillc attack at the beta carbon atoms In 
cyclic enamines. From a study of salt formation they found that the 
amine component showed the following influence on reactivities i pyrro­
lidine and hexAmathylenimin(C5>piperidine >raorpihollne> ethyl butylamine.
7The ketone component reactivities varied in the order cyclopentanone^- 
cycloheptanone — cyclooctanone >  cyclohexanone'-'monosubstituted 
acetaldehydes>  disubstituted acetaldehydes. Thus, the combination 
of pyrrolidine or hexamethylenimin.e with cyclopentanone produces 
a much more reactive enamine than a piperidino or a morpholino enamine 
of cyclohexanone towards C-protonation on the beta carbon.
In a study of the kinetics of hydrolysis of the l-(2- 
methylpropenyl)morpholine, 1- (2 -methylpropenyl)piperidine, . and l-(2- 
methylpropenyl)pyrrolidine,. E. J. Stamhuis and W. Maas‘S observed in 
alkaline and neutral conditions the order of reactivity was pyrrolidino 
>  piperidino-> morpholino. Since the rate of protonation was established 
to be important in the hydrolysis, the rate of the first step would be 
strongly dependent upon the basicity of the enamines. The basicity 
dependence would explain the difference in the rate of hydrolysis 
between the morpholino and piperidino enamines since the piperidino 
enamine is 2.38 pKa units more basic than the morpholino enamine. On 
the other hand, the piperidino and pyrrolidino enamines have similar basi­
cities, so the relative rates of protonation must be attributed- to another 
factor. The tendency of the 5-membered ring of the pyrrolidino sub­
stituent’ to form an energetically favorable exocyclic double bond 
accounts for the higher reactivity of this enamine compared to the 
corresponding piperidino enamine.^
Several .C-? versus N-product formation studies on the 
reaction of enamines with alkylating agents have been made5 ’^
Soane of the factors which determine whether C or N alkylation takes 
place are the basicity of the enamine, the ease of formation of the 
trigonal N-substi.tutcd intermediate, the nature of the enamine, 
the alkylating agent, and the solvent.
8Enamines derived from acetaldehyde and monosubstituted 
acetaldehydes usually give only the N-alkylated product. However, if 
a bulky secondary amine such as n-butylisobutylamine,is used to prepare 
the enamine, the C-alkylated product can be obtained in fair yields.^
The C-alkylation is due to the inhibition of N-aikylation by the 
steric bulk of the alkyl groups attached to nitrogen.^
High polarity solvents seem to promote C-alkylation. 
l-N-Pyrrolidino-2-methyl-l-propene reacts with allyl bromide in ether to 
give 20% of the C-alkylated product, while in acetonitrile, over 50% of 
C-alkylated product are obtained. The pyrrolidino enamines of cyclo­
hexanone on reaction with ethyl iodide in dioxane give 25% of 2-ethyl- 
cyclohexanone on hydrolysis while in chloroform the yield is increased 
to 32%.
The course of the alkylation is influenced by the steric
arrangement of the enamines. N-Fyrrolidino-l-cycloheptene gave
approximately equal quantities of the C and N-alkylated products in
dioxane; the N-pyrrolidino-l-cyclooctene and N-pyrrolidino-1-
6
cyclononene afforded the N-alkylated product. Evidently, in the 
eight-and nine-membered ring compounds, the conformation is such that 
the strong interaction of the unshared electrons on the nitrogen with the 
Tfelectrons of the double bond cannot occur, thus C alkylation fails to 
occur. In other words, if the amine cannot become coplanar with the 
double bond, the reactivity of the beta carbon is reduced significantly.
The possibility of the formation of an exocyclic double bond 
in the transition state upon alkylation of the beta carbon is as 
important in the alkylation reaction as in the protonation reaction.
9Thus, enamines derived from pyrrolidine gave higher yields of the C- 
alkylated product than enamines derived from raorpholine and p i p e r i d i n e , ^ ' ^
In the carbon alkylation by means of allyl and benzyl halides,
it appears that alkylation occurs initially on the nitrogen followed
by a relatively slow transfer of the allyl group to the carbon. Some
evidence for such an intramolecular rearrangement is found in the
reaction of N,N-dimethylisobutenylaraihe in acetonitrile with crotyl
bromide. After hydrolysis, 2,2,3-trimethyl-4-pentenal was obtained
which indicates that initial alkylation occurred at the nitrogen
followed by an intramolecular rearrangement involving a six-merabered
cyclic transition state to the alkylated product. Further evidence
for the proposed mechanism was provided by the fact that N-allyl-N-
methylieobuteny.laminej, which was stable under the conditions, gave
2,2-dimethyl-4~pentenal when treated with methyl tosylate followed by
hydrolysis. When N,N-diraethylisobutenylamine was treated with benzyl
bromide In acetonitrile followed by hydrolysis, «<^ rdiraethylhydro-
12cinnamaldehyde was obtained. These results were attributed 
to initial nitrogen alkylation followed by fi to C migration of the
g
benzyl group. However, according to Opitz, there are several cases 
where the reaction of crotyl bromides with enamines occurs with no 
rearrangement.
The reactivities of enamines in alkylation reactions have been 
extensively studied.^ The relative reactivities of enamines towards 
acrylonitrile and methyl acrylate were found to be dependent upon the 
structure and basicity of the cyclic amine and the olefinic portion of 
the enamine. In these reactions, N-alkylation, if present, was expected
10
to be readily reversible and thus should not affect the relative 
rate of substitution at the beta carbon atom.
A parallel series of reactivities was found in the alkylation 
reaction of enamines with benzyl bromide in refluxing dioxane.
In this reaction, as mentioned earlier, Brannock and Burpitt demonstrated 
that N-to C-migration of the benzyl group occurred and the final 
amounts of N-alkylation were found to be less than 8%. Thus, in the 
case of the enamine alkylation reactions, if N-alkylation does occur, 
it does not appear to affect the relative reactivity of the C—alkylation 
on the beta carbon since the relative reactivities in the benzyl 
bromide , methyl acrylate and acrylonitrile reactions were 
aimilat.
Using the numerical ratio notation to designate the various 
enamines, where the first number indicates the amine ring size and the 
second number the olefinic ring size, h represents 4-substituted-3- 
heptene and m  represents morpholine, the following order of reactivities
is found for the Michael addition reactions and the benzylation reaction:
A
5/5 >  5/6 >  5/7 +  5/h and 5/6 >  7/6 >  6/6 s* m/ 6 . Kuehne correlated 
these relative reactivities with the amount of charge density delocal­
ization on the beta carbon. Presumably the amount of negative charge 
density on the beta carbon or the ease of obtaining the immonlum 
structure should determine the relative reactivity of the various 
cyclic enamines providing the steric factors are held constant and other 
spacial directing shielding effects are not a factor. According to 
W. E. Gurowitz and M. A. Joseph, if such factors are constant, a measure 
of the electron density at the beta carbon can be obtained from the nmr 
chemical shifts of the beta protons which become more shielded by
11
14
Increasing the electron density on the beta carbon. The "shielding" 
of the beta proton decreased in the order: 5/5 >5/6 > 7/6 >6/5 > m / 5 >
5/7 >m/ 6 > 6 /6 . Thus, Kuehne^ found a good correlation between the 
relative rate of alkylation in the Michael addition and in the benzyl- 
ation reaction with the nmr chemical shift of the vinyl proton on the 
beta carbon of the enamines. Therefore, in these three reactions, there 
seems to be some correlation between the relative reactivity of the 
enamines and the electron charge density on the beta carbon.
Methylation and ethylation of the cyclic enamines with methyl 
iodide and ethyl iodide lead respectively to a different sequence 'of1 reac­
tivities at carbon: 7/6> 5/6-5/7 “ 5/5> 6/5> m/5> 6 /6 *£»/6 .^ These
results suggested that a more difficult reversal of alkylation on nitrogen 
could alter the order of the competitive C alkylation found in the 
other three reactions. The most noticeable change occurred with the 
interchange of 7/6 and 5/5 enamines, which suggests that it is better 
to use hexamethylenimine rather than pyrrolidine in methylation of 
cyclohexanone via enamines.
A measure of the C- to N-alkylation ratio for the various
alkylation reactions showed no correlation with the electron density
4
at the beta carbon. The C- to N-alkylation ratio was increased 
drastically by raisitig the reaction temperature in the methylation 
reaction. It was suggested that this cesuht was due to an 
increase in the intermolecular N- to C-methyl transfer. However, the 
ability of the N-alkylated enamines to act as methylating agents was 
also found to depend on the structure of the heterocyclic■and olefinic 
moieties making up the enamine.
12
A few studies have been made on carbon versus nitrogen 
acylation of enamines.^ In contrast to the N-alkylated products, the 
N-acylated products are either unstable or act as C-acylating agents 
because C acylation is the exclusive mode of reaction. Also, in 
contrast to the alkylation reaction, the less reactive morpholine 
enamines have been found to give better yields of the acylated product 
than the pyrrolidine or piperidine enamines.
The photoelectron spectra of enamines may provide an additional 
method for measuring the enamine reactivity. In the 1,3-dipolar 
cycloaddition reaction of phenyl azide and substituted olefins,
Sustmann and T r i l l ^  have correlated the rate constants for cyclo­
addition of phenyl azide with the ionization potentials of the highest 
occupied'jr-molecular orbitals, of substituted olefins. The energies 
of the highest occupied -tf-molecular orbitals were determined from the 
photoelectron spectra of the olefins. They found that ionization 
potential for N-pyrrolidino-l-cyclopentene (5/5) N-pyrrolidino- 
1-cyclohexene(5/6) and N-morpholino-l-cyclopentene (m/5) decreased 
in the order 5/5£/ 5/6 <  m /6 while the rate constants for cycloaddition 
with phenyl azide increased in the opposite order, 5/5 7* 5/6"^ ra/6 .
Using the perturbation theory, these authors^showed that the effect 
of substitution on the separation of the highest occupied '7f'-molecular 
orbitals and the lowest unoccupied molecular orbitals in the olefin 
determine the reactivity of the olefin in cycloaddition reactions 
with phenyl azide. The model takes into account only electronic 
substituent effects; however, the authors suggests that major deviations
13
of individual olefins from the proposed model could poBsibly be 
interpreted as a measure of the influence of non-electronic substituent 
effects, 1
From the above discussion, it is seen that the factors in­
fluencing the relative reactivity of enamines are numerous,and the
i
problem of sorting out how a certain factor influences the reactivity 
of the enamine is by no means a simple task. The possibility of 
two reaction sites in the enamine system, the nitrogen and the carbon, 
complicates the reactivity picture. . n  competes with C product 
formation and, in some reactions, intermolecular and/or 
intramolecular rearrangements from N to C complicate the mechanism 
of the enamine reactions. The reactivity of enamines which are 
composed of cyclic secondary amines and cyclic ketones is influenced 
by such factors as: amine ring size, ketone ring size, amine
basicities, steric effects in both the amine and ketone component 
and how such steric factors affect the conjugation between the unshared 
electrons on the nitrogen with the pi electrons of the double bond.
In addition, solvent and temperature effects play a role in the enamine 
reactivity.
Furthermore, the nature of the electrophilic reagent attacking 
the enamine will influence the relative reactivity of the enamine 
toward that reagent. Weak electrophilic reagents such as methyl 
acrylate, acrylonitrile, and benzyl bromide, gave a different order 
of relative reactivities than the alkyl halides and acyl chlorides. 
Obviously, the relative reactivities of the various enamines towards 
a specific electrophilic reagent will depend upon the extent that bond
14
formation has progressed in the transition states of the reaction of 
enamine to product. With the weaker electrophilic reagents, a consider­
able amount of bonding between the electrophile and the ambident 
enamine is necessary to achieve the transition state; therefore, the 
C-substituted product is obtained. With the more reactive electrophilic 
reagents, less bonding between the electrophile and the enamine is 
required to reach the transition state. In this case, the stability 
of the final product is not sensed in the transition state, and the 
reaction takes place instead at the center of higher electron density 
in the enamine which leads to the N-substituted product. The fact 
that the N-substituted product itself can act as an electrophilic 
reagent in an intermolecular reaction with a second enamine molecule 
could result in the formation of the C-substituted product regardless 
of the nature of the starting electrophilic reagent.
The deuterium exchange reaction of eyclodienamines, xacv, aqcvii
16
has been studied by U. Mazarguil and A. Lattes in three different 
deuterated solvents, trifluoroacetic acid-d^, methanol-d^ and 
acetone-dg. These authors correlated product distribution studies 
and reactivity data with calculated Htickel molecular orbital charge 
densities. They found a good correlation between rates of deuteration 
and positions of highest electron density on the various carbons of 
the different cyclodlenamine isomers. These data support a proposed 
mechanism for deuterium exchange reaction between enamines and 
deuterated solvents in which the enamines become deuterated 
at the sites of highest negative charge density to form a 
diene-immoniura intermediate which then rapidly loses a proton to 
give a deuterated enamine. (Scheme 1) The exchange occurred at the
15
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original site(s) of Che negative charge In the resonance structures.
The cyclodienainine reactivity, however, was also influenced by other
factors such as the geometry of the endocyclic and exocyclic double
bonds, the equilibration reaction between the different isomers
and the relative reactivity of these different isomers. Because of
16
the similarity between the work of Mazarguil and Lattes and the 
work presented in this Thesis, some of the significant data and 
conclusions of these French workers are briefly summarized below.
The morpholino enamine of 3,4,4-trimethylcyclopent-2-ene-l-one 
was prepared as an isomeric mixture of xxv and xxvi.
About 6 - 10% of the isomeric mixture existed in endo isomer form xxvi. 
Isomeric mixtures of xxv and xxvi were exchanged with methanol-d^ at 
various amine/solvent ratios for different periods of time. The 
deuterium distributions on the various carbon atoms of the deuterated 
products were determined from nmr and ir spectra. For the »yclc*penta~ 
dlenamine , the extent of deuteration was found to decrease in the 
following order: with the proton at position 5 being
exchanged much more rapidly than the other exchangeable protons. The
6
0
xxv xxvi
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reactivity of the protons in position 5 was explained by the existence
of a small amount of the reactive isomer xxvi, since the isomeric
structure xxv is stabilized by conjugation between the amino group 
and the two co-planar double bonds at positions 1,2 and 3,6 and also 
stabilized by the double bond being exocyclic to the five-membered
ring. The stability of this isomer was confirmed by the fact that the
spectrum of aminodiene xxv was observed during the entire exchange. 
Similar results were obtained for deuterium exchange of cyclopenta- 
dienamine in the presence of acetone-dg, however, the exchange occurred 
at a much slower rate,
A different distribution of deuterium was obtained for the 
cyclopentadienamine system in the acid medium, trifluoroacetic acid-d^. 
The protons at position 2 exchanged more rapidly than those at positions 
5 and 6 . Deuterium was completely Incorporated at position 2 but 
was only partially present at position 5 (10%) and position 6 (6%).
The deuteration apparently took place by way of a diene-inmonium 
salt, which was discernable in the nmr spectra.
In trifluoroacetic acid-d-^, the morpholino enamine of
3,5,5-trimethylcyclohexadiene showed an instantaneous incorporation of 
deuterium at positions 2 , 4, 6 , and 7 of the cyclohexadienamine to the 
extent of: 34, 10, 25, and 11% deuterium, respectively. The incorpor­
ation of deuterium at positions 2, 4, 6 , and 7 was also explained by 
the existence of diene-immonium salts visible in the nmr spectrum.
The observed differences in the deuterium distribution 
between five- and six-membered cyclodlenamine systems,
i.e.. deuteration occurred almost exclusively on structural
18
position 2 for -cyclopentadienaafne while the deuteration was
distributed on positions 2, 4, 6 , and 7 for cyclohexadienaniine
was explained by the difference in rate of formation of an ene-immonium
"exo" (xvi)- Presumably the simultaneous presence of two exocyclic
double bonds 1 b more essential in the five-raembered ring than in the slx-
membered ring because the six-membered ring can stretch to accommodate
an endocyclic double bond better than the five-membered ring. Therefore,
the selectivity is determined by competition between the loss of
conjugation resulting from the formation of the dienB-immoniura ion and
2
the possible existence of two rather than three sp hybridized carbons 
in the cyclic structures.
The pyrrolidine, piperidine, N-raethylpiperazino, morpholino 
and N-phenylpiperazino enarainesof 3,5,5-trimethylcyclohex,*-S-ene-l-one were 
prepared. These enamines existed as an equilibrium mixture of isomeric 
structures xxvii, xxviii and xxix.
7
xxvii xxviii xxix
Carbon Charge 
Density
Carbon Charge 
Density
Carbon Charge 
Density
0
1
2
3
7
0.105
0.052
-0.109
0.007
-0.055
0
1
6
3
2
0.082
0.030
-0.128
0.060
-0.043
0
1
2
3
4
0.105
0.054
- 0.112
0.045
-0.093
*
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These enamines were exchanged in deuterated solvents such as: 
acetone-dg, methanol-d^ and methanol-d^/CCl^ for different periods 
of time. The amount of deuteration which occurred at the olefinic 
carbon positions in isomers xxvii and xxix was measured by ir and 
nmr analyses. The extent of deuteration at the saturated carbons,
Cg, C-flt in these two isomers was recorded as a summation of 
total amount of deuteration which occurred at these three positions.
The deuteration rate of the different cyclohexadienamines depended 
on the nature of the amine used; the percentage of total deuteration 
decreased in the following order: pyrrolidine >  piperidine ^  N-methyl-
piperazine >morpholine. The deuteration of the eyelopentadienamine 
was more rapid than the cyclohexadienamines due to the unfavorable 
equilibrium distribution of the cyclohexadienamine isomers. When 
the relative proportions of the different isomers for each cyclo- 
dienamine were compared, it was found that deuteration was 
maximized for the isomers where the diene-immonium "exo" intermediate 
form predominated.
Studies of cyclohexadienamine in acetone-dg and methanol-d^ 
established the order of deuteration on the various carbon atoms to 
be the following in isomeric structure xxvii and xxix:
Form xxvii C-6 >  C-2 > C - 7
Form xxix C-2 ^  C-4
These results varied according to the solvent used, but acetone-dg 
appeared to be more selective than the methanol-d^.
Although the diene-immonium intermediate 'xvi - xiv were never 
observed in nmr spectra during the deuterium exchange with deuterated
20
solvents and the spectrum of the aminodienes xiii - xv *as never observed 
in the experiments In acidic media, the transition states were assumed 
to be similar in both cases. The mechanism was considered to involve 
the protonation or deuteration of the eyelodienamine ring at 
the site of highest electron density. The equal extent of deuterium 
exchange at carbons 2 and 4 in isomer xxix was explained by the 
formation of two diene-immonium intermediates with similar ring 
geometries, both rings containing three sp^ hybridized carbons.
These data on deuteration of the enamines of cyclohexadlene 
and cyclopentadiene showed that the rate of deuteration is dependent 
upon many factors. To determine the relative deuteration rate of 
various enamines, the reactivity of each of the different isomers 
of a particular enamine would have to be determined as well aB the 
equilibrium constants between the isomers. In an attempt to separate 
the kinetic factors from the equilibrium complication, the electron 
densities on the reactive cyclodienamine , as estimated by Hiickel 
molecular orbital calculations, were correlated with the rate of 
deuterium exchange as each atom. The electron densities are listed 
under the different isomeric structures xxvii, xxviii, and xxix on 
page IS. A comparison of exchange data with the electron density 
calculations showed that the order of deuteration for cyclohexadienamines 
in methanol-d^ and acetone-dg was the same as the charge distribution 
on the different carbons. In the caBe of the cyclopentadienamine, 
the deuteration did not follow the charge density distribution exactly. 
Specifically, the exchange on the exo-carbon 6 of structure xxv occurred 
before the exchange on carbon 2 even though carbon 2 had a higher 
electron density according to Hiickel molecular orbital calculation.
21
This difference in reactivity was attributed to steric inhibition of 
attack at carbon 2. These results showed that relative reactivity at 
the various positions could be correlated with charge density on 
different carbon atoms only when steric effects did not influence the 
reactivity at the various positions of the different isomers.
Mazarguil and Lattes' studies on the distribution of 
deuterium on the different carbon sites in the isomers of cyclohexa­
dienamine and cyclopentadienamine have shown that the relative 
reactivity on the various carbon sites where deuterium exchange 
occurred is influenced by factors such as:
1) the electron density on the different carbon sites.
2) the geometry, i.e., whether two or three sp^ 
hybridized carbons are preferred in the cyclic struc­
tures .
3) the rate of the equilibration between the different 
isomers.
4) the relative reactivity of the different isomeric forms. 
Of these different factors, these authors suggested that the relative 
reactivity of the different isomers was most significant in influencing 
deuterium exchange in the deuterated solvents.
CHAPTER II
THE ENAMINE EXCHANGE REACTION
In this work the deuterium exchange properties of cyclic 
enamine systems were considered in an effort to evaluate factors 
affecting the relative reactivities of enamines. A quantitative 
evaluation of the factors contributing to the relative reactivity 
of enamines should be useful in selecting the best enamine for a 
particular reaction as well as predicting the effect of small 
structural variations of the substrate on its reactivity. Some of the 
factors that will be of interest are the ring size of the secondary 
amine component, the ring size and the potential for conjugation of 
the ketone component as well as inductive and steric effects in 
both components.
Enamines have been found to undergo deuterium exchange with 
acetone-dg. Exchange occurs primarily with protons bound to the 
carbon atoms beta to the nitrogen. The rate of exchange is a 
function of the enamine structure and represents a new technique for 
measuring the relative reactivity of a series of enamines.
The reaction was characterized by studying the exchange 
between 1,4,4-trimethyl-d^-tetrahydropyridine and excess acetone-dg 
in benzene. The rate of exchange was determined by monitoring the 
disappearance of the beta olefinic proton in the nmr spectrum as 
reaction proceeded. A concomitant increase in the hydrogen exchanged 
acetone product was observed.
The exchange was confirmed by a mass spectrometric com­
parison of the starting enamine and the product isolated by evaporating
22
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the deuteroacetone and benzene. The Initial spectrum of the exchanged 
product contained a strong M** +  1 ion peak. This ion was rapidly 
converted to an Mf ion by exchange reactions within the sample probe, 
which precluded a quantitative measure by mass spectrometry of the 
extent of deuteration.
In the specific case of the 1,4,4-trimethyl-d^-tetrahydro- 
pyridine, the deuterium exchange reaction with acetone-dg was monitored 
by measuring the disappearance of the beta olefinic proton doublet 
(designated Ry) centered at $ 4.32. The alpha olefinic proton doublet 
(designated H^) centered at & 5.63 served as a convenient internal 
standard. The spectra of the 1,4,4-enamine before and after exchange 
are shown in Figure 2-1. As exchange proceeded, the Hy doublet dis­
appeared while the doublet collapsed to a broad singlet. Collapse 
of the doublet confirms the fact that deuteration has occurred at 
the beta position and results from the change in nuclear spin when the 
proton (I=%) is replaced by deuterium (1=1). Although the beta 
deuterium atom couples with the spin of the alpha proton to give a 
triplet, the coupling constant of a proton with a deuteron on adjacent 
carbon atoms is reported to be less than 1 cps so the triplet appears 
as a broad singlet centered at $ 5.63.^  Since the overall signal 
intensity of the alpha proton does not change appreciably during the 
reaction, the integrated intensity of the doublet at the beginning of 
the reaction is equal to (a) the integrated intensity of the broad 
singlet after exchange, or (b) the sum of the doublet and the singlet 
peak intensities during the exchange process. The integrated intensity 
of the alpha proton signal served as a convenient internal standard.
The additional fact that the alpha and beta peaks have similar
FIGURE 2-1
2
60 MHZ NMR Spectra of 1,4,4-Trimethyl-^ -tetrahydropyridine 
in Acetone-dg and Benzene before and after Exchange with Acetone-dg
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intensities and similar chemical shifts made the alpha proton the 
logical choice as the internal reference.
The kinetic data for the deuterium exchange of the enamines
with acetone-dg were obtained by timed multiple integrations of the 
vinyl proton region. The exchange reaction was assumed to be pseudo- 
first order in enamine concentration since the acetone-dg concentration 
was generally in large excess in the kinetic runs. The rate of 
exchange can be expressed by the following equation:
Kt = 2.303 log .(Hv/HrL' - (Hv/Hr ) 0
(VHr)* - < V HR>t (1)
where Hy is the integrated intensity of the disappearing beta olefinic 
proton peak, HR is the integrated intensity of the reference peak, and 
K is the pseudo-first order rate constant of the kinetic run. At
time t=0 , Hy/H^ = 1/c where c is a constant equal to the number of
protons represented by the reference peak. At time t>*«0, equation (1) 
can be simplified to:
Kt = 2.3 log <Hv/HR)n
(Hv /Hr )£
Kt = 2.3 log (l/«>0
<Hv/HR)t
Kt ~ 2.3 log ( % / c V t
cL " CHV
%
(2)
(3)
(4)
(5)
,*, Kt = 2.3 log l/<* (6 )
Equation 5 defines ot as the ratio of the enamine concentration at 
time t to the initial enamine concentration. Thus, by determining 
the ratio <*. at various times t and plotting log !/<=<• versuB time,
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a straight line with a slope of K/2.303 should result.
In the specific example cited earlier for 1,4,4-triraethyi- 
/^-tetrahydropyridine, hv is the doublet centered at & 4.32 and 
is the doublet/singlet at S 5.63. In this particular case, because 
the reference peak is also an olefinic proton, the area under the 
integrated peak is equivalent to one proton and c = 1 ; 
thus, - (Hv /Hr}<;.
The pseudo-first order rate constants were calculated from 
the slope of the best straight lines through plots of log l/«t versus 
time as determined by the method of least squares. The kinetic runs 
were followed for at least one half-life (50% completion) or longer.
The first-order rate constants obtained are listed in the data section 
in the appropriate tables. Plots and least squares analyses were done 
on the IBM 360/65 computer using a program developed for linear systems 
by H. R. Streiffer (Appendix II). Initially, several additional points 
were utilized to make the first approximation of the rate constant for 
each of the kinetic runs. However, a plot incorporating all of the 
data from the kinetic run tended to level off after several half-lives. 
The reported pseudo-first order, rate constants were recalculated from 
the initial linear portion of the log 1 ^  versus time plots. The 
kinetic data and least squares plots of all the kinetic runs studied 
are listed in a computer print-out supplement. A sample data print­
out is included in Appendix II. A typical plot of log 1Ac versus time 
for l,4,4-trimethyl-d^“tetrahydropyridine (I) is shown in Figure 2-2.
The initial experiments with I were designed to determine 
the order of the exchange reaction with respect to acetone-dg. The 
data presented in Table I illustrate that an increase in the initial
FIGURE 2-2 
The Pseudo-First Order Plots for 
1 ,4,A-Trimethyl-A^-tetrahydropyridine with 
Benzene at 40°, 60°, 80°, 100°, 120° C.
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TABLE I 
DEUTERIUM EXCHANGE RATES 
OF l,M-TRIMETHYL-42“TETRAHYDROPYRIDINE AT 40° IN BENZENE®
RUN
1
2
3
4
5
6
ENAMINE
CONC,M
2.89 
2.87
2.90
0.46
0.85
1.19
ACETONE-dg
CONC, M 
0.604 
1.23 
1.84
3.98
3.81
3.72
NO. OF 
PTS
47
38
47
38
29
30
CORR.
COEFF,
0.989
0.995
0.995
0.976
0.991
0.984
106 kj
SEC-l
28.0
49.9 
78.2
94.9
148.0
187.0
kl
l.Mol SEC-1
A9ERAGE
206.3
174.1
157.1
106 k, 
ffCETONE-dg]
l.Mol'1 SEC-1
46.36
40.57
42.50
43.14
a) EXCHANGE CARRIED OUT AT 40° C IN BENZENE.
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acetone-dg concentration did Indeed produce a directly proportional 
increase in the initial rate constants observed. Division of the 
initial rate constants by the initial acetone-dg concentration yielded
r 1
a constant with an average value of 4.3 +0.3*10" 3 l.M sec" (runs 1-3 
in Table I). Thus, the exchange reaction appears to be first order with 
respect to acetone-dg concentration, at least within the concentration 
range studied.
In most of the kinetic runs reported in this paper, the
acetone concentration was maintained at a four to tenfold excess with
respect to the enamine concentration. In an attempt to determine the
order of the reaction with respect to the enamine concentration, the
1,4,4-trimethyl-^-tetrahydropyridine concentration was varied while
holding the acetone-d, concentration constant. The results of this
6
experiment, as reported in Table I, show that an increase in the pseudo- 
first order rate constants is observed upon increasing the enamine 
concentration but the increase is not directly proportional to the 
increase in the initial enamine concentration. The data failed to fit 
a second order kinetic equation. Attempts to determine the order of tbe 
reaction by other standard procedures were not conclusive, but such 
attempts indicated that the overall kinetic expression is probably a 
complex expression involving an equilibrium expression which takes into 
consideration the concentration of the partially exchanged acetone. 
Although the overall kinetic expression for the deuterium exchange is 
not known, the initial rate appears to follow a pseudo-first order plot, 
and such data can be used as a measure of the relative reactivity of 
enamines.
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A mechanism far the exchange process is outlined in S c h e m e  2..
The polar resonance form of I illustrates the potential basicity of
the beta carbon. In the first step, acetone-d donates a dcuteron
6
to I to produce the deuterated intermediate II and the corresponding
enolate anion. Intermediate II can lose a proton to either the
deuteraacetone enolate ion or to a second molecule of I to form III
and the appropriate conjugate acid. When the enamine serves as a
proton acceptor, species IV, which is the non-deuterated analogue of II,
is generated. IV can lose a proton by the same processes described
for II to regenerate I, In most of the kinetic runs conducted^in
this work, the acetone-dg concentration was in approximately 10 fold
excess relative to the enamine concentration. Under these conditions,
abstraction of the proton from intermediate II by enolate anion should
be the preferred mode of product generation and the rate of deuterium
exchange should be pseudo-first order in enamine. Since this is not
observed experimentally, the enamine is probably, serving as a proton
acceptor to a significant extent even in the presence of excess
deuteroacetone and the observed rates only approximate pseudo-first
order conditions.
The deuterium isotope effect and the reversibility of the
exchange process were tested by preparing l,4,4-trimethyl-3-deuteH>~- 
o
4 -tetrahydropyrldine and measuring the exchange rate of this enamine 
with acetone. The rate constant data for the deuterated and undeuterated
1,4,4-enamine used in determining the kinetic isotope effect are 
reported in Table II. Although only one kinetic run was made at each 
temperature, two rate constants are reported for each run according 
to the number of points used in the calculation. The first pair of
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rate constants reported includes all of the points measured; and the 
second set of data reported utilizes only the initial readings which 
obey pseudo-first order kinetics. A significant kinetic isotope 
effect was found, the kjj/kjj ratio varying between 2.1 and 1.7 at 60° C 
and between 4.7 to 3.3 at 80° C. The observed ratios are within
the range expected for a primary Isotope effect. The result is 
difficult to interpret because it is close, but not identical to, 
the reverse reaction of the exchange process.
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The difference lies not only in the enamine substrates but also in 
the relative acidity of acetone-d^ and acetone as proton donors and 
the relative basicity of the corresponding enolate anions. However, 
the relative magnitudes of the initial exchange rates suggest that 
abstraction of hydrogen or deuterium (k2 in Scheme 2) must contribute 
to the rate-controlling step in the exchange process. The reaction is 
reversible but the formation of the undeuterated enamine clearly occurs 
more slowly than the generation of the deuterated substrate. This 
slow reverse reaction is probably responsible for the reduction in 
the exchange rate as the reaction proceeds to completion.
TABLE II
KINETIC ISOTOPE EFFECT DATA AND RATE CONSTANT DATA 
FOR THE DEUTERIUM EXCHANGE OF l,4,4-TRIMETHYL-d?-TETRAHYDR0PYRIDINE 
AND 1,4,4-TRIMETHYL-3-DEUTERO-42-TETRAHYDROFYRIDINEa WITH ACETONE-dg IN BENZENE AT 60° AND 80° C
Temp
C
Rate Constant 
106 k
Sec"*
Half-life
fcl/2
Min.
Corr. 
Coeff.
No. of 
Pts. in Run
Time 
Range of Pts.
Min.
Kinetic
Isotope
Effect
V kD
60 21.2 546 0.961 10 475 2.1
80 23.8 485 0.963 21 626 4.7
60 26.6 434 0.936 7 240 1.7
80 33.9 341 0.904 15 259 3.3
1,4,4-Trimethy 1-4?-■tetrahydropyridine
60 44.6 260 0.987 13 500
80 111.0 104 0.954 28 112
a) Reactants: Enamine, 
0.33: 0
0.94 M; Acetone-dg, 
.598, respectively.
4.95 M in Benzene: Relative Mole Fractions, 0.073:
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In addition to the slower reverse reaction, the leveling
off of the pseudo-first order rate constants could be partially
explained by the occurrence of a second reaction, namely the
2
dimerization of the 1,4,4-trimethyl-4 -tetrahydropyridine. A
possible mechanism for the dimerization reaction is shown in Scheme 3.
N. J. Leonard and F. P. Hauck reported the formation of the dimeric
18
species in the mercuric acetate oxidation of the saturated amine.
The formation of the dimer species could actually be observed in 
the nmr spectra as a vinyl proton singlet downfield from the alpha 
proton doublet at 5.63 ppm. The downfield shift confirms the 
assignment of this singlet to the vinyl proton designated in 
Scheme 2. The production of the dimeric product was especially 
noticeable in the slower kinetic runs. In essence if excess I is 
present, the Intermediate species V can actually be trapped.
In a later experiment it was shown that a change In the 
solvent could affect the rate of the exchange reaction. The exchange 
rate constants of I with acetone-dg in the presence of two different 
solvents, benzene and chloroform-d^, under comparable conditions, 
were 8.42*10 ^ and 2.16*10 ^ sec \  respectively. The observed 
decrease in the first order rate in going from a benzene to a chloroform 
solvent system could not be attributed to differences in the enamine 
concentration. In the chloroform run a considerable amount of the 
dimeric product formed as indicated by the appearance of a vinyl proton 
peak downfield from the doublet at 5.63 ppm. Only a minor amount of the 
dimeric product appeared during the kinetic run in benzene.
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The fact that more dimeric product was formed in the polar solvent 
chloroform than in the non-polar solvent benzene might indicate that 
formation of the charged intermediates II, . and V is favored in 
the chloroform solution. Certainly the formation of itnraonium 
intermediates II and the charge separated resonance species I_ woulda
19
be favored by increasing the polarity of the solvent. More polar 
solvents solvate charged intermediates and promote the formation of 
charged intermediates such as II and V. Increasing the concentration 
of these intermediates shifts the equilibrium in the direction favoring 
dimer formation. Thus, increasing the polarity of the solvent would 
favor formation of the charged dimeric species V, whereas an increase 
in solvent polarity would not be expected to favor the formation of the 
neutral deuterated product III (Scheme 2). Assuming that loss of a 
proton from V or II is equally facile, the probability of forming 
intermediate V governs the extent of dimer production.
The dimerization process also would result in a decrease in 
the 1,4,4-trimethyl-^-tetrahydropyridine concentration during the 
course of the reaction. Trapping the undeuterated enamine before it 
has a chance to undergo deuteration would have a pronounced effect 
upon the observed rate of deuterium exchange. In any case, changing 
the polarity of the solvent from benzene to chloroform seems to change 
the rate of the side reactions to such an extent that the deuterium 
exchange reaction on the beta carbon protons is no longer the favored 
process.
Another way of explaining the dimerization process in terms 
of solvation effects is to consider the possibility that the enamine
39
ia probably solvated by acetone-dg in benzene but by CDClg In the 
CDClj/acetone-dg mixture. The CDCI3 can compete more effectively than 
benzene with the acetone-dg to solvate the charged species IX and charge 
separated species I (Scheme 2). Thus, these charged intermediates 
would be surrounded by acetone-dg in benzene solutions and the deuterium 
exchange process could take place quite efficiently. In chloroform 
solution the charged intermediates would be surrounded by chloroform 
molecules and the deuterium exchange process could not occur as easily; 
therefore, reactions which do not involve acetone-dg would be allowed 
to take place. In other words, stabilizing the enamine by solvating the 
molecule with polar solvent molecules other than acetone-dg hinders 
the deuterium exchange process from taking place and allows time for 
side reactions such as the dimerization process to occur.
The use of dimethylsulfoxide (DMSO) as a solvent in the 
deuterium exchange of some heterocyclic enamines had a pronounced 
effect on the rate of the exchange reaction. The rate of the exchange 
reaction was considerably slower in the DMSO solvent than in chloroform. 
Evidently, the DMSO could solvate the heterocyclic enamines even better 
than chloroform so that the rate of the deuterium exchange process was 
decreased considerably. A tight solvated shell of DMSO molecules 
surrounding the enamine could prevent the acetone-dg molecules from 
reacting with the solvated enamine molecule.
The temperature dependence of the rate of the deuterium 
exchange reaction is shown by the data in Table III. A plot of log k 
versus 1/T demonstrated the linear Arrhenius relationship (Figure 2-3). 
The Arrhenius activation energy calculated from the slope corresponds to
1*0
a value of 15.3 Kcal/mole. Using Eyring's equation^® for calculating 
absolute rate constants
L. ■=, k'RT .S*/R - ff^/RT
N0h e e
where the transmission coefficient, k', is taken as unity, and using 
the relationship
Ea = tffc + RT
where E_ is the Arrhenius activation energy and H is the activationCl
enthalpy of the Eyring equation, the entropy of activation was 
calculated. A value for 4S^ was calculated to be -1.313 cal/deg"*- 
mole”^ at 80° C using as the rate constant, k = 1.11 x 10“® sec-*-.
These values for the Arrhenius parameters' fall Within the range 
expected for a reaction involving ionic intermediates.
Although the mechanism for the deuterium exchange reaction 
of acetone-dg with various enamines is probably a complexed mechanism 
involving several terms, the deuterium exchange reaction initially 
appears to follow pseudo-first order reaction kinetics. The observed 
pseudo-first order rate constant is a measure of the relative reactivity 
of the various enamines as is evident from the experimental results 
recorded in this work. In some cases the experimental results differ 
from what might have been predicted; these results could possibly be 
due to the second order kinetic terms becoming more significant for 
a particular reaction or a particular compound. In any case, the 
pseudo-first order rate constant of the deuterium exchange reaction 
appears to be a good approximation of enamine reactivity for enamines 
with similar structures under comparable reaction conditions.
TABLE III
RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF 1,4,4-TRIMETHYL-A2-TETRAHYDROPYRIDINE 
WITH ACETONE-dg IN BENZENE AT 40°, 60°, 80°, 100°, and 120° C
Temp Rate Constant Half-life Corr. No. of Time
k*10*^ t-l/2 Coeff. Pts. in Range of
Run Pts.
C sec" 1 min. min.
40 6.04 1912. 0.982 41 2705
60 44.6 260 0.987 13 500
80 1 1 1. 104 0.954 28 112
100 537. 21.5 0.959 13 30
120 1000. 11.6 0.954 17 22
a. REACTANTS: Enamine, 0.94 M; Acetone-d^, 4.95 M  in benzene; Relative mole fractions,
0.073: 0.33: 0.598, respectively.
FIGURE 2-3 
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CHAPTER III
EXCHANGE APPLICATIONS
A. CYCLIC ENAMINES
The pseudo-first order rate constants for the deuterium
9
exchange reaction of the enamine 1 ,2 ,6 -triraethyl-^-tetrahydropyridine,
(VII) with acetone-dg at 40° C and 80° C are 1.22 x 10 ^ and
11.9 x 10 ^ sec \  respectively; in contrast, the rate of exchange
with l,4,4-trimethyl-^?-tetrahydropyridine (I) at 80° C in the same
-6 “1
solvent system was 111. x 10 sec . Data for a direct comparison
of the two enamines at 40° C were not available, but in the slowest
**6 • I
run in benzene the exchange rate constant of I was 6.04 x 10 sec ,
a value five times the rate of exchange of VII in pure 
acetone-d,. This difference in the rate constants between these two 
enamines could possibly be due to steric factors or a change in entropy.
CH,
VII
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TABLE IV
KINETIC DATA FOR THE 1,2,6-TRIMETHYL-TETRAHYDROPYRIDINE
Temp
C
Enamine
Cone.
Moles
106
Benzene
Cone.
Moles
105
Acetone-dg
Cone.
Moles
10*
Rate Constant 
k*10+6
sec"*-
Half-life
*1/2
min.
Corr. 
Coeff.
No. of 
Pts. in 
Run
Time 
Range i 
Pts. 
min.
40 342 0 311 1.22 9440 0.986 10 12,810
80 342 0 311 14.5 797 0.993 11 2,335
80 342 281 115 11.9 828 0.973 9 2,335
Kinetic Data for the 1,4,4-Trimethy 1 - ^ - tetrahydropyr idine
40 342 281 155 6.04 1912 0.982 41 2,705
80 342 281 155 1 1 1. 104 0.954 28 112
Chemical
Shift
ppm
4.37
4.37
4.37
4.31
4.31
■p -
VJ1
h6
The tetrahydropyridine ring is presumed to have structure analogous 
to cyclohexene. Furthermore, as in the case of cyclohexene, true axial(a)
and equatorial (e) substituents exist only at C_ and in structure xxx,
? b
and the bonds at and are different and are called "pseudoaxial"
21
(a1) and "pseudoequatorial"(e'). It is also reported that e 1, a
21(or a',e) bonds are somewhat closer together than ordinary e,a bonds.
a
a
X X X
The unimolecular, pyramidal inversion about the nitrogen competes with
oo
ring reversal in piperidine compounds. Thus, in the 1,2,6-trimethyl- 
$ -tetrahydropyridine, several conformers Vila - Vllb' could exist. 
These confortners may be considered tautomeric structures of the 
enamine because steric interaction between the adjacent methyl groups 
probably prevents the nitrogen from assuming a planar configuration.
Vila Vila*
viib VIlb
In structure Vila , Viib, and Viib' there are two "gauche" interactions 
between the three adjacent methyl groups on N]_, and Cg.
Structure Vila can undergo N inversion to Vila1 and thus relieve one 
"gauche" interaction between the methyl groups on and Cg. The 
conformer Viib also has the freedom to undergo N inversion to Viib'.
9
In the 1,4,4-trimethyl-^f-tetrahydropyridine I, the methyl 
groups in position are probably too far away to interact with the 
CH^ group. The nitrogen atom could become coplanar with the 
double bond and extensive tc interaction could occur.
CH,
CH
CH,CH.
CH.
I la'
Lambert reports that in 1,4,4-trimethylpiperidine, the
N — CH3 group is primarily equatorial while the N — H group in the
25
4 ,4 -dimethylpiperidine is primarily axial.
In the intermediate structure VIIc, the lone pair of electrons 
on the nitrogen become part of the C = tr^  double bond, the methyl
groups on and become coplanar and the methyl groups on and Cg 
Interact in the gauche conformation.
CH
CH,
P«T 7— ^ C H
Vila* VIIc
Because the lone pair of electrons on now form part of the C = N1* 
double bond, the pyramidal inversion about the nitrogen can no longer 
help relieve the interaction between the methyl groups on the N ^ 2» an<^  Cg. 
Similar changes would occur in intermediate structure II ; however, 
because of the absence of methyl groups in C2 and Cg positions, H
CDr,COCD
CH3
la' II
does not have the steric congestion about which is present in VIIc. 
Thus, the loss of pyramidal inversion about the nitrogen (loss or 
decrease in entropy, a decrease in disorder) should be less important 
in structure It than in VIIc because of the different steric requirements 
about the nitrogen in II and VIIc. In any case the reactivity difference 
between I and VII could possibly be attributed to the simultaneous loss 
in the ability of the nitrogen to undergo inversion and the subsequent 
increase in the steric requirements in going from the ground state VII 
to the intermediate VIIc.
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2
The difference In reactivity between 1,4,4-trimethyl-A -
2
tetrahydropyridine (I) and 1,2,6-trimethyl-A -tetrahydropyridine (VII)
(1 2)could partially be explained by A ’ strain between the methyl groups
(1 2)on the 1 and 6 position in the 1,2,6-trimethyl isomer VII. A ’ strain,
as defined by Johnson and Malhotra,is the type of strain present
between two bulky substitutents in the Q) and IT position of an allylic
24
system, as in aooc.
R*
XXX
(1 2)The importance of A strain has been documented in the stereo-
24
chemical behavior of cyclohexene systems and many of these 
stereochemical arguments could be applied to the analogous tetrahydro­
pyridine system.
2
The 1,2,6-trimethyl-A -tetrahydropyridine, because of the 
interaction between the methyl group in the 1 and 2 position, would 
prefer conformation Vile, with the N - CH^ group in the axial position, 
over V H d .  Calculations on 1,6-dimethylcyclohexene show that the
■N-*CH
Vlld Vile
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1.6 pseudoequatorial conformer is 0.35 Koal/mole more energetic than the
1.6 pseudoaxial conforiner, and it is predicted that this compound exists as
2k
64:36 mixture of the axial and equatorial isomer.
The relative reactivity of the two conformers would be
2k
controlled by two factors: (1) the stereoelectronic effects which
would demand as much continuous if orbital overlap as possible in the 
transition state, (2) the steric resistance to the reagent's approach.
In the cyclic enamines, the extent of 7Y overlap ■ would be the 
dominate factor in determining the reactivity; therefore, structure Vlld 
would be the preferred conformer for undergoing deuterium exchange 
with acetone-dg at the 3 position. In Vlld, the acetone-dg might
. 2k
be expected to approach the lower face of the molecule. Although
structure Vile is the preferred ground state conformer on the basis of
steric interactional arguments, Vile would have to be converted
to conformer Vlld for maximal ?f orbital overlap between the nitrogen
free electrons cloud and the "Vbond cloud In the transition state.
This conversion process in 1,6-dimethylcyclohexene requires
0.35 Kcal/mole. Although attack on the upper face at position 3 in Vile
would be favored on a stereoelectronic basis, steric resistance by the
axial methyl group on the nitrogen would block the acetone-dg from a top 
24-
side approach.
In the 1,4,4-trimethyl-^-tetrahydropyridine, the methyl groups 
are too far away to significantly Influence the steric requirements of 
the allylic group. This difference in methyl substitution between the 
two isomers I and VII, which results in a difference in stereoelectronic 
structure as well as a difference in the steric resistance to the approach 
of the acetone-dg, may explain the difference in the deuterium exchange 
rates between the 1,4,4 isomer I and the 1,2,6 Isomer VII.
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The chemical shifts exhibited by the protons in the beta 
position of enamines X and VII are £  - 4.31 and ef~ 4.37, respectively. 
The position of these vinylic protons is an indication of the over­
lap between nitrogen non-bonding electrons and the double bond, i.e.
4
the negative charge density on the beta carbon. A downfield shift 
correj^ates to a decrease in charge density, which reduces the basicity 
of the enamine. On the basis of electronic effects, VII would be 
expected to exchange slightly slower than I. However, the exchange 
rate observed for VII is significantly less than that of I Indicating 
that steric factors outweigh electronic factors in influencing 
relative exchange rates. Therefore, the acetone-d exchange technique 
is effective in ascertaining steric contributions to enamine reactivity.
The relative positions of the chemical shifts exhibited by 
the beta vinyl protons of enamines I and VII are not consistent with 
methyl inductive effects. The addition of a electron donating methyl 
group to a double bond would be expected to shift the beta vinyl 
proton upfield. In cyclohexene the vinyl proton appears at 5.58 ppm 
from TMS. The addition of a methyl group to the double bond as in 
1-methylcyclohexene shifts the vinyl proton upfield to 5.30 ppm. Thus, 
the addition of a methyl group to the double bond shifts the vinyl 
proton upfield 0.28 ppm. Contrary to the expected shift, the vinyl 
proton absorbance of VII is downfield 0.06 ppm from that of the vinyl 
proton I. Evidently, steric strain between the two methyl groups at the 
1 and 2 position in 1 ,2 ,6 -trimethyl-^-tetrahydropyridine reduces the 
contribution of dipolar resonance structure.
The pseudo-first order rate constants for the exchange
A
reaction of 1,2,6-trimcthyl-Zr-tctrahydropyricline measured at 40 C
52
and 80° C in acetone-d^. were 1.22 x 10”^ and 14.5 x 10 ^ sec"^,
respectively. Using these values an Arrhenius activation energy of
13.5 • Kcal/mole is calculated for exchange reaction between the
acetone-d, and VII. This value compares with a value of 15.3 Kcal/mole 
b
2
calculated for the 1 ,4,4-trimethyl-A-tetrahydropyridine exchange
reaction. One would expect a substantial increase in the E in view
a
of the observed rate decrease so either the entropy term becomes much 
more significant or the experimental values are not correct. Further 
experimentation will be required to clarify this point.
Solvent effects seem to be of minor importance in the 
exchange reaction of the 1 ,2,6-enamine. At 80° C in changing from a
1/1 .8 ,benzene/acetone mixture to an acetone solvent system, the rate
-6 -6 -1 
of exchange increased from 11.9 x 10 to 14.5 x 10 sec . This
increase could be due to a change in acetone concentration rather than
a solvent effect.
25 26
Fowler ’ synthesized and evaluated the stability of
1,4-dihydropyridine (VIII) and N-methyl-1,4-dihydropyridine (IX).
Both of these compounds were remarkably stable; no isomerization,
decomposition or beta-hydrogen exchange was observed after treatment
.25
of VIII with deuterium adde in acetone-d for several days.
o
Treatment of IX with 1.0 M  potassium tert-butoxlde at 91.6° produced
an equilibrium mixture containing 7.7% of N-methyl-1,2-dihydro- 
25
pyridine X. If statistical factors are taken into consideration, IX
Is 2.3 Kcal/mole more stable than N-methyl-1,2-dihydropyridine X.
In contrast, 1,4 cyclohexadiene is slightly less stable (0.07 Kcal/mole)
o 27,28
than 1,3-cyclohexadienc at 95 . Clearly, the non-bonding nitrogen 
electrons arc contributing more to the stabilization of IX than X
53
although structure X contains a conjugated diene system. The origin
29
of this stabilization is speculative but either homoaromaticity or 
hyperconjugation^ has been invoked to explain this phenomenon.
VIII
5^B. BICYCLIC ENAMINES
The bicyclic enamine, -dehydroquinolizidine (XI),
was studied at various temperatures in two different solvent systems. 
The pseudo-first order rate constants for the deuterium exchange 
reaction with acetone-dg are listed in Table V along with pertinent 
rate constant data from the other enamines studied. The exchange 
rate of^  ^ ^®^-dehydroquinolizidine was at least 10^ to 10^ times 
slower than that of 1,4,4-trimethyl-A -tetrahydropyridine, These 
comparisons are rough estimations of the relative rate differences 
since the enamines were studied at different temperatures and concen­
trations .
Part of the difference in the exchange rate can be explained 
by the strained transition state required to convert XI to intermediate 
XII. The formation of a double bond at the bridgehead of the bicyclic 
system would introduce a significant amount of internal strain. Both 
Baeyer strain (angle strain) and Pitzer strain (bond opposition strain 
resulting from the repulsion of neighboring, nonbonded atoms) would 
increase in going from ground state XI to the intermediate state XII.
H D
XI
Q  l«
w CD2C CD3 
XII
TABLE V
KINETIC DATA FOR THE EXCHANGE REACTION OF 
£l(10)-DEHYDROQUINOLIZIDINE WITH ACETONE-dg
Temp
C
Enamine
Cone.
106
Moles
Benzene
Cone.
105
Moles
Acetone-
Conc.
105
Moles
dfi Rate Constant 
k*10+6
sec“l
Half-life
*"1/2
min.
Corr. 
Coeff.
No. of 
Pts. in 
Run
Time 
Range oi 
Pts. 
rain.
60 358 290 237 0.259 44,528 0,786 37 23,640
120 345 370 250 7.05 1,640 0.963 26 3,060
150 361 364 250 43.4 266 0.954 12 785
60 375 - 396 0.642 18,040 0.860 24 21,780
120 344 - 385 10.4 1,112 0.992 22 2,760
150 322 - 400 54.4 214 0.975 22 840
9
1,4,4-Trimethyl-.d -tetrahydropyridine
60 342 281 155 44.5 260 0.987 13 500
120 342 281 155 1 0 0 0. 11.6 0.954 28 112
1,2,6-Trimethyl-^tetrahydropyridine
80 342 281 155 11.9 830 0.973 9 2,335
80 342 311 14.5 797 0.993 11 2,335
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The amount of energy involved in going from the tautomer XI to 
intermediate XII was approximated by using trans-^ »9-octalin XIII and 
^•10-octalin XIV as a model for XI and XII, respectively.
XIII XIV
The conformation of trans-^f-*^-octalin is described as follows: ring B
exists in a deformed half-chair form and ring A exists in a deformed chair
31 Q 1 n
form. Both rings of the -octalin, in which the double bond is
31
common to both rings, exist in the half-chair conformation. Thus, in 
going from XIII to XIV, one deformed chair, is converted to a half-chair 
and one deformed half-chair is converted to a second half-chair. The 
ring strain calculated for cyclohexene in its half-chair form was
1.57 Kcal/mole, (0.15 Kcal/mole Baeyer or ring strain and 1.A2 Pitzer
32
strain). Therefore, in converting the cyclohexane in the A  ring from 
a deformed chair to a half-chair cyclohexene ring at least 1.57 Kcal/mole 
in internal Baeyer and Pitzer strain could be involved in converting XIII 
to XIV. Bucourt has calculated that 12.7 Kcal/mole of energy is
required to convert a cyclohexane from the chair form to the half-chair
32
form. Therefore, as a crude estimate,from 1.57 - 12.7 Kcal/mole 
could be involved in converting VIII to XIV. By analogy from
1.57 - 12.7 Kcal/mole could be Involved In protonating ^ ^ ^ - d e h y d r o -  
quinolizidine at the unsaturated beta carbon to form the immonium XII
57
species.This energy would be enough to explain the difference in the 
relative reactivity of the -dehydroquinolizidine compared to
other enamines.
Indeed if the Arrhenius activation energy is calculated, 
a value between 18-20 Kcal/mole is obtained (Table VI). Comparison of 
this value with values of 10-15 Kcal/mole calculated for the exchange 
process in the 1,4,4 and 1 ,2 ,6 -enamine systems reveals that the 
difference in the energy barrier for the exchange w i t h ^  -dehydro­
quinolizidine XI relative to 1,4,4- and 1,2,6-enamines is between 
3-10 Kcal/mole. This Increase in activation energy is well within the 
range of energies expected due to the increase in internal strain of 
the bicyclic system as described above.
TABLE VI
Arrhenius Activation Energy Data for 
^ 1 (10)_Dehydroquinolizidine
Ti T 2 kx k2 Ea
10*6 10+6 
C C sec-*- sec” Kcal/mole
120 150 7.05 43.4 20.015
120 150 10.4 54.4 18.221
60 120 .642 10.4 12.086
The chemical shifts of the beta vinyl proton in the various 
enamines are compared in Table VII. Note that the order of increasing 
chemical shift of the beta vinyl proton is 1,4,4-trimethyl-A^-tetra­
hydropyridine <  1 ,2 ,6 -trimethy1-4 ^-tetrahydropyridine <  £ 1 (1 0)- 
dehydroquinolizidine. The rate of the deuterium exchange with acetone-dg
decreases in the same order. Hence, there is a correlation between 
the chemical shift and the relative reactivity of the three cyclic 
enamines. However, it should be noted that the differences are very 
small and so a definite conclusion about a correlation between chemical 
shift and relative reactivity could not be made from this data. Steric 
effects and internal strain obviously outweigh the electronic effects.
TABLE VII
NMR Chemical Shift Data for Cyclic Enamines
Enamine Enamine Benzene Chemical Difference Chem
Cone. Cone. Shift Shift
106 M 105 M cps cps ppm
1 ,4,4-tri­
methyl - A - 
tetrahydro­
pyridine
1 ,2 ,6 -tri- 
methyl-4 - 
tetrahydro­
pyridine
Al(1 0)_de_
402
354
346
279
266
281
258.5
262
266.5
0.0
4.0
8.0
4.31
4.37
4.44
hydroquino-
lizidine
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C. ENAMINES DERIVED FROM HETEROCYCLIC KETONES
In order to evaluate the influence of electronic effects
on the reactivity of enamines, the chemical properties of the morpholino
and pyrrolidino enamines of the heterocyclic ketones,3-ketotetrahydro-
thiophene and 3-ketotetrahydrothiophene-1,1-dioxide,were examined.
If the amount of electron charge density at the site of reactivity is
4
a determinant in enamine reactivity as proposed by Kuehne,
16
Mazarguil and Lattes, and others, heteroatomlc groups such as sulfur 
and sulfur dioxide groups would be expected to affect the electron 
density distribution in heterocyclic enamine systems and thus, their 
reactivity. Exactly how such groups may affect the electron distribution 
in the enamine system is hard to predict since steric factors, solvent 
effects and other factors also influence the reactivity of these 
enamines.
Resonance structures such as XV - XIX could be drawn for
p
the heterocyclic enamines derived from 3-ketotetrahydrothiophene.
X,
XV
XVII XVIII
©
XTX
60
Evidence in support of structure XIX is available from dipole moment 
data on thiophenes. A comparison of the dipole moment of thiophene 
with the dipole moment of tetrahydrothiophene shows that the two 
molecules have dipole moments in opposite directions as shown below 
(arrow tip points to negative end of dipole).
Delocalization of a pair of electrons on the hetero sulfur atom into
Che four tt electron system of the ting, as in structures XXI and XXII,
would explain the difference in dipole moments between the two 
33
compounds.
0.52 D 1.87 D
©
© ©
XX XXI XXII
© ©
XXIII XXIV XXV
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Calculations show that structures XXIII - XXV, which require a sulfur
atom with a decet of electrons, contribute 1 0% of total resonance hybrid.^
If the sulfur expanded its octet in the heterocyclic enamines,
structure XVIII could be a significant resonance structure in the
dihydrothiophene enamine system.
Hammett equation substituent constants indicate that
the methyl thio (RS) group exhibits negative inductive (-1) effects,
i.e. the group Is a more powerful electron attractor than hydrogen
but shows positive resonance (+R) effects in that it supplies
electron density to conjugated systems. The methyl thio group has
34
the following substituent constants:
< T i e t a  '  +0-15
^  =  0.00
<r^  para
+. , = +0.158
(> meta
+  = -0.604
cr para
The negative Inductive effect (-1) of the methyl thio group as 
indicated by the mAta substituent constants of 0.15 and 0.158 would 
increase the probability of resonance forms XVII and XVIII while a 
positive resonance effect (+R) as Indicated by the ® ”^ ara substituent
constant of -0.604 would favor resonance form XIX.
Resonance structures XXVI - XXVIII could contribute to the 
stabilization of the heterocyclic enamines of 3-ketotetrahydrothiophene- 
1,1-dioxide. With structure XXVIII the negative charge density 
could actually be delocalized onto the oxygen atoms of the electron 
withdrawing sulfur dioxide group. The sulfur dioxide group withdraws
62
o
N'
—  X
-S"
II
0
XXVI XXVII XXVIII
electron density from conjugated systems (-R) and exhibits negative
inductive effects (-1), as indicated by the following substituent
34
constants for the methyl sulfone group (CH^SC^-) :
" 0l6°
(Tpara = 0- 7 2
O-fara " 1 ’049
0“*  =  1’32
Such substituent constants would indicate that structure XXVIII makes 
a significant contribution to the resonance hybrid of the dihydrothio- 
phene-1,1-dioxide enamine system.
An indication of the effect of the hetero atoms on the 
stability of the conjugated double bond in the heterocyclic enamine 
systems can be obtained from product distribution studies of the 
enamines prepared. The morpholino and pyrrolidino enamines of
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3-ketotetrahydrothiophene-l,1-dioxide existed exclusively as the
4,5 dihydro isomer (XXVI). The morpholino enamine of 3-ketotetrahydro-
thiophene yielded a 45:55 mixture of 4,5-dihydro- (XV) and 2,5-dihydro
isomers (XVI), respectively. The pyrrolidino enamine was obtained as
38:62 mixture of the 4,5:2,5-dihydro isomers, respectively. In contrast,
only the 2,5-dihydro isomer of the pyrrolidino enamine of 3-ketotetra-
35hydrofuran was isolated. The shift in position of the endo cyclic 
double bond indicates that the sulfur dioxide group stabilizes the 
double bond in the 2,3 position by resonance structures such as 
XXVIII. The oxygen and sulfur groups directed the double bond toward 
the non-conjugated 3,4 position. These results indicate that resonance 
structures such as XVII, XVIII, and XIX contribute little to resonance 
stabilization of XV.
1650 cm ^
4.64 ppm (1.40) 
55%
1600 cm
4.85 ppm (1.15)
45%
XV XVI
The composition of the enamine product mixture obtained from 
3-ketotetrahydrothiophene was determined from the ratio of the two 
beta vinyl proton signals ( <f 4.85 and 4.64) in the nmr spectra in
64
conjunction with IR data. The proton at 4,85 ppm was assigned to the
4,5 dihydro isomer since the olefinic proton next to S atom would 
be expected to be shifted further downfield. The IR spectrum showed 
two C=C bands at 1600 cm ^ and 1650 cm the band at 1600 cm ^ was 
the less intense band. Assignment of this band to the 4,5 dihydro 
isomer is in accordance with the relative intensity observed and in 
accordance with Buiter, Welland and Wynberg's assignment of the CssC
band at 1600 to the 4,5 isomer in the pyrrolidino enamine of 3-ketotetra-
36hydrothiophene.
In these product distribution studies, the fact that certain
products were not isolated does not rule out the possibility that
these products never existed during the course of the reaction.
The expected products could have been formed and then rapidly
rearranged or decomposed to other products. The 3-N-morpholino-2,5-
dlhydrothiophene-1 ,1-dioxide could fragment thermally in a concerted
disrotatory manner to give a butadiene derivative and sulfur dioxide
37as occurs with butadiene sulfone. Tarry residues were not uncommon 
products in the enamine preparations.
The presence of hetero atoms in the enamines affected their 
relative reactivity toward electrophilic reagents. Phenyl isocyanate 
reacted readily with morpholino enamines of 3-ketotetrahydrothiophene 
(XV, XVI, X=0)r However, the 3-N-morpholino-4,5-dihydrothiophene-1,1-
dioxide (XXVI, X=0) failed to react with phenyl isocyanate, benzyl ■
chloride and n-propyl isocyanate. The relative inertness of this 
enamine could be explained by resonance structures such as XXVIII. 
Delocalization of electrons at the beta position by the sulfur dioxide 
group would reduce the nucleophilicity of this enamine.
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Several workers have shown that electron charge density
4 16can be correlated with enamine reactivity. * In the enamines 
of 3-ketotetrahydrothiophenes, the charge density should be more 
localized on the carbon beta to the amino group of the enamine, 
position 2 in XV and position 4 in XVI; these enamines should react 
readily with electrophilic reagents at position 2 and 4, respectively.
If the relative reactivity of these heterocyclic enamines toward 
electrophilic reagents gives an indication of the relative charge 
density distribution in these two heterocyclic enamines, then the 
charge density on C2 and of structure XV and XVI, respectively, 
must be greater than charge density on C2 of structure XXVI.
GurowLtz and Joseph have suggested that in the simple 
cyclic enamines, the nmr chemical shift of the beta vinyl protons is 
a measure of the amount of charge delocalization in the enamines and 
thus, a measure of the electron density on the beta carbon.^
The nmr chemical shift data for morpholino and pyrrolidino enamines 
of cyclopentanone, 3-ketotetrahydrothiophene, and 3-ketotetrahydro- 
thiophene-1,1-dioxide are compared in Table VIII. The nmr chemical 
shift data are correlated with the deuterium exchange rate constants 
of the various enamines with acetone-dg in chloroform-d^. In both 
pyrrolidino and morpholino enamines of the various cyclic ketones, the 
chemical shift of the beta protons downfield from TMS increased In 
the following order: cyclopentanone < 3-ketotetrahydrothiophene <  3-keto­
tetrahydrothiophene- 1,1-dioxide. Thus, the charge density on the beta 
carbon would be greatest on the cyclopentanone enamine, intermediate 
in 3-ketotetrahydrothiophene enamines (XV, XVI) and least in the 
3-ketotetrahydrothiophene-1,1-dioxide enamine (XXVI) according to
TABLE VIII '
SUMMARY OF RATE CONSTANT DATA FOR THE PYRROLIDIHO AND MORPHOLINO ENAMINES 
OF 3-KETOTETRAHYDROYHIOPHENE AND 3-KETOTETRAHYDROTHIOPHENE-I,1-DIOXIDE AND CYCLOPENTANONE
Enamtne
C
Ensmine
Cone.
Moles
106
Solvent
Cone.
Moles
10S
Acetone-d^
Cone.
Moles
10
Rate Constant 
kfc x 106
sec""^ 1
Half-
life
*1/2
mln.
Corr. 
Coeff.
No. of 
Pts. In 
Run
Time 
Range of 
Pts. 
mln.
NMR
Chemical
Shift
ppm
3-N-Pyrroll-
dino-I-cyclo-
pentene
300 577 70 1120 10.3 0.959 8 4.22
3-N-Pyrroll- 
dino-2,5/4,5- 
dlhydrothlo- 
phene
361 301 165 265 43.5 0.994 100 110 4.36
4,19
3-N-Pyrroli-
dlno-4,5-
dlhydrothio-
phene-1,1-
dioxlde
151 322 175 111 - 350 103 - 33 0.993 61 80 5.00
3-N-Morpho-.
llno-l-cyclo-
pentene
545 362 225 508 22.7 0.985 48 46 4.41
3-N-Morpho-
llno-2,5/4,5-
dihydrothlo-
phene
176 307 168 23.7 488 0.978 96 275 4.85
4.65
3-N-Morpho- 
lino-4,5- 
dlhydrothto- 
phene-1,1- 
dioxlde
26.7 307 168
42.7 *-’&!
271 0.967 82 . 270 5.30
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the postulate of Gurowitz and Joseph.^ In general the beta proton 
chemical shifts of pyrrolldino enamines were upfield from the beta 
protons of morpholino enamines.
If the electron charge densities In terms of mnr chemical 
shift data are correlated with the deuterium exchange rate constants 
of the various enamines (Table VIII), it is apparent that only a 
qualitative generalization can be made. The deuterium exchange 
data show that in general the pyrrolldino enamines are more reactive 
than the corresponding morpholino enamines, a fact in agreement with 
the predictions of the nmr data. All the enamines of 3-ketotetrahydro- 
thiophene and 3-ketotetrahydrothiophene-1,1-dioxide exchanged much 
slower than the enamines of the cyclopentanone. Specifically, the 
pyrrolldino heterocyclic enamines exchanged approximately 3 - 8  times 
slower than pyrrolldino-1-cyclopentene, and the morpholino hetero­
cyclic enamines exchanged approximately 7 - 2 0  times slower than 
morpholino-1-cyclopentene. Unfortunately, the deuterium exchange 
data were not good enough to distinguish the difference between the 
relative reactivities of the 3-ketotetrahydrothiophene and 3-ketotetra­
hydrothiophene- 1, 1-dioxide enamines. These data suggest that the 
presence of hetero atoms such as S and SO^ delocalizes the electron 
charge densities at the enamine beta carbons and reduces the basicity 
of these enamines.
Steric effects could also be an important factor in determining
I
the relative reactivities of these heterocyclic enamines, especially 
in the 3-ketotetrahydrothiophene-1,1-dioxide enamines. The reactive site 
position in this enamine is between two rather large functional groups, 
the SC»2 group and the morpholino or pyrrolldino group. The alpha protons
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on the morpholino or pyrrolldino rings could sterically block the 
approach of the electrophilic group to the enamine beta carbon. A 
solvated SC>2 group could also block the approach of the incoming 
reactant on the other side.
Several kinetic runs were made with the 3-N-pyrrolidino-2,3- 
dihydrothiophene-1,1-dioxide, and these results are shown in Table IX.
The reproducibility of the rate constant for the exchange reaction 
is rather poor. Some of the error could be attributed to experimental 
problems encountered with the solubilities of the enamines. The 
morpholino enamine was practically insoluble in benzene and only 
slightly soluble in chloroform-d^. The crystalline pyrrolldino 
enamines were soluble in chloroform-d^ but dissolved slowly. The 
reproducibility of the kinetic rate constants improved when a 
standard solution was used as in kinetic runs I, II, and III. Enamines 
prepared at different times but by the same method were used in making 
the various runs without consistent results. Runs III and IV were 
made with enamine that had aged in a descator for several days. The 
enamine, however, was a nice white needle shaped crystalline solid 
and no apparent decomposition appeared to take place. The ir of the 
crystalline solid showed no carbonyl stretch, only a strong peak at 
6.1 due to the double bond of the enamine. However, trace impurities must 
be catalyzing the exchange reaction. An attempt to neutralize any acid 
impurities in the solvents by shaking the solvents in solid potassium 
carbonate (anhydrous) and drying the solvents over molecular b elves 
failed to improve the reproducibility of the results.
In Table X the rate constant data for the deuterium exchange 
of acetone-dg with the morpholino enamine of 3-ketotetrahydrothlophenu-
TABLE IX
KINETIC DATA FOR PYRROLIDINO ENAMINES OF 3-KETOTETRAHYDROTHIOPHENE-
I,1-DIOXIDE IN CDCl3/ACETONE-d6 AT 40° C
.netic 
in No.
Enamine
Cone.
Moles
106
Solvent
Cone.
Moles
105
Acetone-dg
Cone.
Moles
105
Rate Constant 
kt x 106
-1
sec
Half-
life
fcl/2
min.
Corr. 
Coeff.
No. of 
Pts. in 
Run
Time 
Range 
of Pti
min.
I 87.2 300 164 158 72.9 0.993 56 80
II 130. 301 165 169 68.2 0.997 59 80
III 171 299 164 124 93.5 0.989 69 80
IV 170 306 173 111 103 0.994 88 96
V 170 429 222 313 36.9 0.993 34 45
VI 181 308 165 350 33.0 0.993 61 100
CPi
VO
TABLE X
Solvent
Temp.
C
CDCI3
CDC13
DMSO-dg
RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE REACTION OF
Enamine
Cone.
Moles
106
26.7
52.5
165.
Solvent
Cone.
Moles
105
307
473
338
3-N-MORPHOLINO-4,5-DIHYDROTHIOPHENE-1,1-DIOXIDE IN 
CHLOROFORM-dj AND DIMETHYL SULFOXIDE-dg AT 40° C
Acetone-d,
Cone. 
Iol£
10-
Mo es 
5^
168
185
169
Rate Constant Half- Corr. No. of Time
kt x 10° life Coeff. Pts. in Range
-1 tl/2
Run of Pts
sec min. min.
42.7 271 0.969 82 270
131 88 0.982 51 190
14.9 775. 0.992 67 1570
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1 ,1-dioxide in the two solvent systems chloroform-d^ and dimethyl- 
sulfoxide-dg are compared. The rate of the exchange reaction in DMSO-dg 
was approximately 2 - 9  times slower than the rate of exchange in 
chloroform-d^. These results are rather surprising since the rate of 
the reaction might be expected to increase in a more polar solvent if 
dipolar intermediates are involved in the reaction mechanism.
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D. ENAMINES DERIVED FROM CYCLIC KETONES
A number of cyclic enamine model systems were synthesized
38
according to the procedure of Heyl and Herr. The pseudo-first order 
rate constants for the deuterium exchange reaction of these enamines 
with acetone-dg were measured in an effort to determine the relative 
reactivity of enamines. A  preliminary survey of the enamine series 
established the following general trends: a) enamines prepared from
a given secondary amine exhibit a reactivity order of: cyclopentanone^
cycloheptanone cyclohexanone, b) for a given ketone substrate 
the relative influence of the amino substituent is: pyrrolidine^
hexamethylenimine piperidlne>  morpholine >  dimethylamine.
The survey indicated that N-hexamethylenimino-l-cyclohexene 
exhibited intermediate reactivity, i.e., an easily monitored exchange 
rate which was rapid enough to minimize degradative side reactions 
during the period of measurement; so a careful study of the reaction 
conditions was conducted with this enaifu&ne. The results are summarized 
in Tables XI and XII, Considerable scatter in data obtained under 
"identical" conditions was observed; the rate constants varied in a 
range between 85.7 x 10”^ to 373 x 10~^ sec ^ with an average of 
11 runs of 151 x 10 ^ sec \  Such an array of rate constants is 
not unusual since these data were obtained in the initial phases of 
the project and techniques for handling the reagents had not been 
refined. Also the eiufcalne is easily oxidized and the extent of 
oxidation due to residual oxygen in the nmr tubes or the solvents 
could influence the rate of the deuterium exchange.
The effects of adding various amounts of free amine to the 
deuterium exchange reaction mixture are shown in Table XII.
TABLE XI
PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF
HEXAMETHYLENIMINO-1-CYCLOHEXENE WITH ACSTONE-d^ IN BENZENE AT 40° C
lamine
ml.
Solvent
ml.
Acetone-dg
ml.
k x 106 
-1
sec
Cl/2
min.
Corr. 
Coeff.
No. of 
Pt. in 
Run
Timi
Range
Pt
min
0.1 0.5 0.25 373 31.0 0.961 15 44
0.1 0.5 0.25 186 62.0 0.974 24 58
0.1 0.5 0.25 158 73.0 0.853 29 62
0.1 0.5 0.25 142 81.6 0.972 30 62
0.1 0.5 0.25 117 98.4 0.911 29 66
0.1 0.5 0.25 112 103. 0.951 27 64
0.1 0.5 0.25 89.9 128. 0.927 20 64
0.095 g 0.5 0.249 g 137. 84.6 0.939 29 67
0.112 g 0.6 0.255 g 85.7 135. 0.923 21 60
0.1 0.5 0.25 1 1 1 . 105. 0.907 18 49
0.1 0.5 0.25 1 1 2 . 103. 0.790 18 37
TABLE XIX
PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF
HEXAMETHYLENIMINO-1-CYCLOHEXENE WITH ACETONE-dg IN BENZENE
AT 40° C IN THE PRESENCE OF FREE AMINES
Lnetic
Run
Amine Enamine Solvent Acetone-dg
Cone.
k x 1 0 6 
t
Half-
life
tl/2
min.
Corr. 
Coeff.
No. of 
Pt. in 
Run
Time 
Range 
of Pt.
Amine Added
g- g- ml ml sec min.
I 0.015 0.0854 0.501 0.25 123 94.2 0.961 22 53 Hexamethylenimine
II 0.0075 0.0854 0.514 0.25 197 58.7 0.964 26 59 Hexamethylenimine
III 0.00462 0.0854 0.511 0.25 169 68.4. 0.975 18 51 Hexame thylenimine
IV 0.0 0.1006 0.503 0.25 147 78.6 0.979 23 62
V 0.015 0.1006 0.488 0.25 201 57.4 0.983 23 57 Hexamethylenimine
VI 0.0 0.0947 0.500 0.2375 137 84.6 0.939 29 67
VII 2 drops 0.0947 0.500 0.2492 150 1 1 0 . 0.943 26 80 DABC0
75
In comparing the rate constants in Table XII the first three runs 
I, II, III and the last two runs IV, V should be compared separately 
because two different benzene-enamine standard solutions were used in 
making the kinetic runs. The addition of hexamethylenimine or 
1,4-diazobicyclo £ 2 . 2 . 2 ^ octane (DABCO) slightly increased the rate 
of the deuterium exchange reaction. However, all these Increases may 
be insignificant considering the experimental error involved in 
measuring the rate constants. The presence of free amine (a common 
enamine impurity) appears to have little effect on the deuterium 
exchange rate.
Kinetic data for the deuterium exchange of pyrrolidino-l- 
cyclohexene with acetone-dg in various solvents are presented in 
Table XIII. Again no definite conclusions can be made about solvent 
effects. More polar solvents appear to increase the exchange rates 
but variations in both the enamine and acetone-dg concentrations 
preclude accurate evaluation.
The exchange rate of pyrrolldino-1-cyclohexene is greater 
than that of pyrrolidino-3,3,5,5-tetramethyl-l-cyclohexene enamine 
(Table XIV). Based upon the chemical shift cited in the table, 
pyrrolidino-3,3,5,5-tetramethyl-l-cyclohexene might be expected 
to react faster than the pyrrolldino-1-cyclohexene. However, the 
geminal methyl groups appear to block the approach of acetone-dg 
to the beta carbon of the cyclohexene ring and may well introduce a 
significant steric component to the factors governing the magnitude 
of the chemical shift* The methyl groups may also prevent the amine 
nitrogen from becoming coplanar with the double bond, thus minimizing 
the contribution of the immonium tautomer. In any case the introduction
TABLE XIII
THE PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF 
PYRROLIDINO-1-CYCLOHEXENE WITH ACETONE-dg IN VARIOUS SOLVENTS AT 40° C
Solvent Enamine
Cone.
ml
Solvent Acetone-d,
Cone.
ml
Cone.
ml
Kt x 1 0 l
sec
-1
Half-
life
tl/2
min.
Corr. 
Coeff.
No. of 
Pt. in 
Run
Time 
Range 
of Pt,
min.
Dielectric
Constant
20° C
NMR
Chemical
Shift
cps
Chloro-
Benzene
0.15 0.5 0.12 914 12.6 0.968 11 28 5.7 257.5
CD3CN
CH2C12
0.10
0.15
0.5
0.5
0.25
0.25
1910 6.05 0.923 11
2760 4.19 0.961 8
19
14
9.08
38.8
255
£
TABLE XXV
THE PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE REACTION OF
CYCLOHEXANONE ENAMINES WITH ACETONE-dg IN BENZENE AT 40° C
Enamine Enamlne
Cone.
ml
Solvent
Cone.
ml
Acetone-dg
Cone.
ml
kt x 10 
-1
sec
Half-
life
h/2
min.
Corr. 
Coeff.
No. of 
Pt. in 
Run
Time 
Range 
of Pt.
min.
NNR
Chemical
Shift
cps
Hexamethyl en-
imlno-l-cyclo-
hexene
7/6
0.1 0.5 0.25 151 77.0 0:930 23 60 269.
Hexamethylen- 
imino-3,3,5,5- 
tetramethyl-1- 
cyclohexene 
7/TM-6
0.1 0.5 0.25 NR 150 254.
Pyrrolidino-1-
cyclohexene
5/6
0.15 0.5 0.12 914 12.6 0.968 11 28 257.5
Pyrrolidino- 0.1 0.5 0.25 703 16.4 0.993 15 32 248.0
3,3,5,5-tetra-
methyl-l-cyclo-
hexene
5/6
78
of the methyl groups at the 3 and 5 positions in the cyclohexene 
ring reduces the deuterium exchange rate significantly. The methyl 
groups had a more dramatic effect on the rate of the deuterium ex­
change of the hexamethylenimino enamine of 3,3,5,5-tetraraethyl- 
cyclohexanone. The hexamethylenimino-1-cyclohexene exhibited 
half-life of 77.0 minutes, however, the tetramethyl substituted 
enamine showed no reaction after Zh hours. Apparently, the geminal 
methyl groups interact with the bulky hexamethylenimino ring so 
strongly that the exchange site is sterically blocked. Chemical
shift data would not predict this result but the exchange reaction
16
is sensitive to the steric environment of the active site.
These results suggest that the initial deuterium transfer results in 
axial attack on the cycloalkene ring as illustrated below.
CH:
XXIX
The geminal groups would block an axial approach, particularly if the 
more bulky hexamethylenimino ring contributes to the crowding of the 
ring. Thus, the steric control of the geminal dimethyl substituents
9
is similar to that exhibited by 1 ,2 ,6 -trimethyl-A-tetrahydropyridine 
which was described earlier.
CHAPTER XV
TRENDS IN ENAMINE REACTIVITY
One of the most Important factors affecting the reactivity 
of enamines is the negative charge density on the beta carbon, i.e. 
the relative contribution of the immonium structure XXXb to the res­
onance hybrid. Gurowltz has , suggested that a measure of the 
charge delocalization can be obtained from the chemical shift of the
beta vinyl proton, which becomes more shielded as the electron density
14 4
on the beta carbon increases. Kuehne and co-workers tried to
R r i i R "  ' * R 1'1 R'
N ^
R'
R' * R 1 '
XXX a XXXb
correlate the nmr chemical shift data with the relative reactivities 
of the enamines, since the electrophillc attack of an enamine at 
carbon leads to an immonium salt through a transition state which 
could, in principle, be similar to the starting enamine or the product. 
In either case, a correlation between reactivity and the extent of 
charge delocalization in the enamine should exist. The charge 
delocalization is a measure of the nucleophilicity of the enamine and 
is related to the relative stability of the immonium structure. The 
predicted correlation between enamine reactivity and charge density 
assumes that steric factors do not play an important role and tills
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assumption will prove to be the weakest point in the argument. Mazarguil 
and Lattes^found a positive correlation between enaminocyclodiene 
reactivities and (HMO) charge density data. However, steric effects 
and other factors were also found to influence the enaminocyclodiene 
reactivities.
The rate data for several different types of enamines are 
recorded in Table XV along with the corresponding chemical shift of 
the beta vinyl protons. The rate constants and chemical shifts were 
measured in benzene solution at 40° C unless designated otherwise.
The decreasing relative order of reactivities as determined from the 
deuterium exchange reaction is: 5/5^5/7> 5/6> 5/TM-6> 7/5> 7/6fcS
7/7>DMI/5> 6/6 > m/5> 6/5. In contrast, the chemical shifts of the 
beta vinyl protons downfield from TMS for these enamines increase 
in the order: 5/5 <  5/TM-6 < DMI/5 < 7/5 < 5/6< m/5 < 6/5 < 7/6 < 6/6«*5/7 < 7/7.
(The enamine abbreviations are defined in Chapter I, page 10).
The correlation between the decreasing deuterium exchange 
rate and the increasing magnitude of beta vinyl proton chemical shifts 
for the entire enamine series is rather poor. The 5/7 cyclic enamine 
in particular is out of place. This enamine undergoes deuterium exchange 
rapidly; however, the chemical shift is further downfield than that 
of almost all the other enamines. The chemical shifts of the 5/7 and 
6/6 enamines are nearly identical; however, the rate constant for the 
5/7 exchange reaction is two orders of magnitude greater. The 
enamine of 3-ketotetrahydrothiophene-l,1-dioxide also undergoes 
deuterium exchange faitly rapidly even though the vinyl proton peak 
appears 318 cps downfield from TMS, a value 50 cps downfield from the 
chemical shifts reported for the simple cyclic enumlnes in Table XV.
TABLE XV
THE PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE REACTION OF 
VARIOUS CYCLIC ENAMINES WITH ACETONE-d^ IN BENZENE AT 40° C
Enamine 
Cyclic Amine 
Cyclic Ketone
Enamine Solvent Acetone-d, kt x 10'“ Half- Corr. 
life Coeff.
h n
No. of Time 
Pt. in Range 
Run of Pt.
NMR
Chemical
Shift
ml. ml. ml. sec min. min. . cps
5/7 0.1 1.0 0.05 1,200 9.65 0.997 7 30 280
5/5 0.05 0.5 0.05 1,120 10.3 0.959 8 200 247.5
5/6 0.15 0.5a 0.12 914 12.6 0.968 11 28 257.5
7/5 0.05 0.5 0.20 311 37.2 0.990 13 71 251.5
5/TM-6 0.10 0.5 0.25 693 16.7 0.989 11 34 248.
7/6 0.10 0.5 0.25 151 77.0 0.930 23 60 269
7/7 0.10 0.25b
0.5C
0.30 161 71.9 0.818 12 31 286
7/7 0.05 0.25 0.125 192 60.1 0.988 13 135 286
EMI/5 0.1 0.5b 0.15 32.4 356 0.978 11 250 251.
6/6 0.05 0.25 0.125 22.6 511 0.982 9 555 280.5
m/5 0.05 0.5 0.05 6.84 1690 0.998 8 2860 263.5
m/5 0.05 0.25 0.125 116. 99.5 0.994 10 150 263.5
6/5 0.20 0.50e 0.5 309d 37.4 0.978 9 120 267
aSolvent chlorobenzene Solvent CD^CN Solvent benzene Temperature 80 'Solvent tetrachloroethylene
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Clearly the reactivity of enamines cannot be directly related to the
absolute values of the chemical shifts exhibited by protons bound to
the active site.
Attempts to correlate reactivity with nmr data are further
complicated by the variation of the chemical shifts in different
solvents (Table XVI ). Data taken on the pure liquid (neat) are not
useful because the diamagnetic susceptibility may vary markedly. The
chemical shifts recorded in deuterochloroform follow a similar trend
but the beta proton is less shielded in solution. A pronounced
solvent shift is observed upon comparing data obtained in benzene
with other solvent data but the solvent shifts are not consistent
throughout the entire serieB. The variations in the magnitude of
the solvent shifts are too large to be attributed to diamagnetic
susceptibility changes so the formation of solute-solvent complexes 
39
must occur. In fact, the absolute magnitude of the solvent shift
( A = d „ _ ,  - V, ) appears to be more indicative of the solutew CDClg °benzene
polarization than the chemical shift. The solvent shift decreases 
as follows: 5/5 >  7/7~ 5/6> 7/6^ 6/7^> m/6^  6 /5>m/5”  6 /6 ,
a sequence which correctly predicts the enhanced reactivity of 
pyrrolidine- and hexamethylenimino enamines. However, the magnitude of 
the solvent shift for the less reactive enamines is very small so 
the precise ranking of the last five enamines on this basis is 
questionable.
In Table XVII the rate data presented in XV are grouped 
into families of enamines with common ketone substituents. Although the 
data were obtained at various concentrations of the reactants, a
TABLE XVI
Lnamine
SOLVENT SHIFTS OF CYCLIC ENAMINES 
Chemical Shift Downfield From TMS,
Neat C1„C CC1„ CDC13 Benzene A  £
5/5 3.97 3.88 4.01 4.23 -0.22
7/5 3.98 ■ 3.95 4.05 4.23 -0.18
6/5 4.29 4.21 4.45 4.48 -0.03
m/5 4.38 4.30 4.42 4.41 + 0.01
5/7 4.43 4.35 4.48 4.66 -0.18
7/7 4.53 — 4.63 4.77 -0.14
6/7 4.80 — 4.88 4.93 -0.05
5/TM-6 — — 4.10 4.20 -0.10
5/6 4.18 — 4.28 4.42 -0.14
7/6 4.31 — 4.37 4.49 -0.12
6/6 4.58 — 4.68 4.68 0.0
m /6 4.58 — 4.64 4.60 +0.04
TABLE XVII
THE PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF 
ENAMINES OF A COMMON KETONE SUBSTITUENT WITH ACETONE-d^ IN BENZENE AT 40° C
Enamine
Cone.
ml.
Solvent
Cone.
ml.
Acetone-dg
Cone.
d1.
kfc x 106 
-1
sec
Cvclopentanone
Half-
life
Cl/2
min.
Enaminea
Corr, 
Coeff.
Chemical 
Shift of 
Beta Vinyl 
Proton in 
cps
Solvent
Shift
5/5 0.05 0.5 0.05 1,120 10.3 0.958 247.5 0.22»
7/5 0.05 0.5 0.20 311 37.2 0.990 251,5 0.18
7/5 0.05 0.25 0.125 994 11.6 0.953 251.5 0,18
d /5 0.05 0.5 0.05 6.B4 1690. 0.998 263.5 0.01
d /5 0.05 0.25 0.125 116. 99.5 0.994 263,5 0.01
M / 5 0.10 0.50“ 0.15 32.4 356. 0.978 251. —
6/5 0.2 0.5 0/5 309.b ' 37.4 0.978 267. 0.03
Cyclohexanone Enaminea
5/6 0.15 0.5C 0.12 914 12.6 0.978 257.5 0.14
7/6 0.10 0.5 0.25 151 77.0 0.930 269, 0.12
6/6 0.05 0.25 0.125 22.6 511. 0.982 280.5 0.0
Cycloheptanone Enamines
5/7 0.10 1.0 0.05 1200. 9.65 0.997 • 280. 0.18
7/7 0.10 0.25“
0.50
0.30 161. 71.9 0.818 285. 0.14
7/7 0.05 0.25 0.125 192. 60.1 0.988 285. 0.14
“Solvent CDjCN, ^Temperature of run 80° C,
Q
Solvent chlorobenzene, ^Solvent Benzene
CD
■P*
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qualitative comparison of the different kinetic runs is possible in 
most cases. Within a given ketone family, the enamines differ more 
consistantly in structural, steric and electronic effects so more 
meaningful correlations can be drawn. For example, the exchange rates 
of cyclopentanone enamines decrease in the following order:
5/5 >7/5> m/5> DMl/5> 6/5. There is some question as to where 
DMl/5 should fit in the sequence since the exchange rate was measured 
in acetonitrile-d^ instead of benzene, but it is definitely one of 
the less reactive enamines.
The order of the increasing nmr chemical shift and decreasing 
solvent shift magnitude for the cyclopentanone enamines is 
5/5 < 7/5^DMl./5<  m/5 <6/5. Thus, with the exception of the DMI/5 
enamine there appears to be a good correlation between enamine 
reactivity and the chemical shifts of the beta protons.
Similarly, the enamines of cyclohexanone show the relative order of 
decreasing reactivity as 5/6>7/6>6/6 while the nmr chemical shifts 
of the beta proton increases in the order 5/6<7/6<6/6. Thus, there 
is a good correlation between the reactivity order and the order of 
both the chemical shifts and solvent shifts. Although there are only 
two enamines of cycloheptanone for comparison, the trend between 
enamine reactivity and the chemical shift data still holds for the 
cycloheptanone enamines. The 5/7 enamine reacts faster than the 
7/7 enamine although the beta vinyl proton of the former compound is 
only 5 cps upfield from the latter compound.
In Table XVIII the different cyclic enamines are grouped
according to the common amino substituents. For the pyrrolidino enamines
the order of the decreasing rate of the exchange with acetone-d. Is
o
TABLE XVIII
THE PSEUDO-FIRST ORDER RATE CONSTANTS FOR THE DEUTERIUM EXCHANGE OF
ENAMINES OF A COMMON AMINO SUBSTITUENT WITH ACETONE-dg IN BENZENE AT 40° C
inamine Enamine Solvent Acetone-d, k x 1 0 6 Half- Corr. Chemical SolveiO t
life Coeff. Shift of Shifi
ml. ml. ml. -1sec
tl/2
min.
Beta Vinyl 
Proton in 
cps
Pyrrolldino Enamines
5/5 0.05 0.5 0.05 1120 10.3 0.959 247.5 0.22
5/7 0.10 1.0 0.05 1200 9.65 0.997 280. 0.18
5/6 0.15 0.5a 0.12 914 12.6 0.968 257.5 0.14
5/TM-6 0.10 0.5 0.25 693 16.7 0.989 248. 0.10
Hexamethylenimino Enamines
7/5 0.05 0.5 0.20 311 37.2 0.990 251.5 0.18
7/5 0.05 0.25 0.125 994 11.6 0.953 251.5 0.18
7/6 0.10 0.50 0.25 151 77.0 0.930 269. 0.12
7/7 0.10 0.25b
0.50
0.30 161 71.9 0.818 285. 0.14
7/7 0.05 0.25 0.125 192 60.1 0.988 285. 0.14
Solvent chlorobenzene 
Solvent CD^CN
87
roughly 5/5> 5/7 > 5 / 6 >  5/TM-6 while the nmr chemical shift of the beta
vinyl proton increases in the order 5 / 5 < 5/TM-6 <5/6<5/7. Thus,
there is a poor correlation between the reactivity data and the chemical
shift data for the pyrrolidino enamines. However, the solvent shift
decreases 5/5> 5/7> 5/6>5/TM-6 which is in precise agreement with
reactivity data. Similar correlations can be developed for the
hexamethylenimino enamines. The magnitude of the solvent shift is
a more reliable indication of enamine reactivity when the structural
changes involve the reactive site. A correlation between enamine
reactivity and chemical shift is observed for common ketone substituents
because the steric and conformational strains (i.e. ring strain) are
not significantly influenced by changing the amino substituent. Under
these conditions, the chemical shift is a function of charge distribution
only. In the more general case, ring strain and conformational changes
control the magnitude of the chemical shift and efforts to ascertain
relative charge distributions are meaningless. In any case, the
4
proposal by Kuehne that enamine reactivity can be correlated with 
chemical shift has very limited application, and the correlations may 
well be coincidental. Solvent shift measurements provide better 
correlations with enamine reactivity but the data is not sufficiently 
accurate to distinguish subtle differences in charge density. Thus, 
the deuterium exchange technique is the most reliable procedure for 
estimating the relative reactivities of enamines.
A compilation of reactivity data for several cyclic enamines 
is presented in Table XIX along with the chemical shifts observed in 
two solvent systems, chloroform and benzene. The data in the last 
five columns as well as the chemical shift data for the enamines In the
TABLE XIX
SUMMARY OF REACTIVITY DATA FOR CYCLIC ENAMINES
1 2  3 4 5 6 7 8 9  10 11
C vs N1 Protonationa NMR Chemical . NMR Chemical Acylatlon Cyanogen. Benzyl, Methyl. Ethyl. Sec-Butyl Deuterium
L1A1H, CH.N, Shift In CDC1, Shift In Benzene Propyl Chloride Bromide Iodide Iodide Bromide" Exchange
4 * * *___C________________________£«________>ni<!> * VJ.1J Z’ /M n/u P/M P /U
NT
A
CZ
2
NX
2
CZ
--- ----- 2
cps from TMS cps from TMS Chloridec Z Yield 
Z Yield
C/N 
rt 100°
C/N 
rt 100°
C/N
100°
C/N
100°
Bate 
10° sec"
5/5 0 94 241.7 247.5 46 13 53 4.3 20 6.6 5.7 1120.
5/6 0 91 2 93 256.8 257.5 63 60 3.8 78 2.6 3.8 3.2 11. 194®
7/6 4 87 12 85 261.0 269.0 4.2 28 2.9 26 5.6- 8.7 151
6/5 2 89 262.3 258.0 3.9 80 1.8 17 2.3 8.4 309£
m/5 10 
(0
76
87)®
265.9 263.5 15 20 2.4 4.6 12 7.4 116
6.84
5/7 0 92 269.5 280.0 65 1200.
m/6 76 
(2
18
93
86
10
11
81)8
278.7 276.0 86 6 6.6 28 1.7 5.5 11 12 —
6/6 68 
(7
25
87
81
8
12
89)®
279.7 280.5 83 19 .67 12 .45 1.5 1.3 20 22.6
a G. Opitz and A. Grlesineer. Justus Liebigs Ann. Chem., 665, 101 (1963).
b H. E. Kuehne and T. Garbacik, J. Org. Chem., 35, 1555 (1970).
0 S. Hunlg, E. Benzine, and E. Lucke. Chem. Ber., 90, 2833 (1957).
d M. E. Kuehne, J. Am. Chem. Soc.. 81, 5400 (1959)»
e Measured In chlorohenzene
f Rate constant measured at 80° C
8 Product mixture obtained after the salt was allowed to stand at room temperature 
L1A1H, or diazomethane.
before treatment with
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chloroform-d^ solution are from the work of Kuehne and co-workers.^ Using 
the relative reactivity data for the Michael addition reactions with 
methyl acrylate and acrylonitrile and the data for the benzylation 
reaction with benzyl bromide, and correlating these data with the 
chemical shifts of the beta vinyl protons of the enamines as measured 
in chloroform-d^, Kuehne found a correlation between enamine reactivity 
and chemical shift. The "shielding" of the beta proton decreased in 
the order 5/5 >  5/6> 7/6> 6/5> m/ 5 >  5/7> m/ 6 >  6/6 and the relative 
reactivities decreased as 5/5> 5/6> 6/5 >  7/6> m/5, 5/7>6/6>m/6. 
Inversion of reactivity was observed when the chemical shifts are similar 
as in the case of the 6/5 and 7/6, and the 6/6 and m /6 enamine pairs. 
Kuehne claimed that the inverted reactivities of the 7/6 and 6/5 systems 
are in line with the more favorable C to N benzylation ratio of the 
latter and suggested that this may be due to steric shielding at the 
beta carbon. Inversion of the m /6 and 6/6 systems was explained by the 
lower nucleophilicity of the morpholine system. In fact, the nmr 
correlation does not work when two different cycloalkene ring systems 
are involved and only the comment on the lower nucleophilicity of 
morpholino enamines is pertinent. The relative exchange rates 
(5/5]>5/6>7/6^>6/6.]>m/5>6/5) agree well with the Michael addition data 
except for low reactivity predicted for N-piperidlno-l-cyclopentene.
The exchange data on 6/5 were measured in tetrachlofoethylene instead 
of benzene so the low exchange rate may be due to solvent effects.
Kuehne's data on the methylation and ethylation of the same 
cyclic enamines lead to a different sequence of reactivity at carbon 
7/6>5/6«5/7iS5/5> 6 / 5 > m / 5 >  6 /6 ^ m / 6 . This difference in the 
relative reactivity orders was explained on the basis of a slower
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reversal of the initial N-alkylation step in the methylation and 
ethylation reactions. N-Alkylation of an enamine with a resonance 
stabilized adduct^ such as methyl acrylate or benzyl bromide, has been 
shown to be a rapidly reversible reaction.*' Thus, N-alkylation would 
not affect the relative rates of C-alkylation and the estimation of 
reactivities. However, the slower reversal of N-alkylation observed 
in the reaction of alkyl halides would be expected to alter the order 
of the competitive C-alkylation. Kuehne measured the C- to N-alkylation 
ratio (Table XIX) and observed structure-dependent changes in the 
ratio, but he could show no correlation of the data on the alkylation 
of eight enamines with methyl iodide, ethyl iodide, sec-butyl bromide 
or benzyl bromide, or the corresponding C- to N-alkylation ratios with 
the electron density at the beta carbon as estimated by nmr spectra.
This is not surprising in view of the complicated intramolecular 
competition between C- and N-active sites and the inherent inaccuracies 
of the nmr technique.
A more useful correlation can be obtained by comparing the
5
C- vs. N-protonation data of Opitz (Columns 1 and 2 in Table XIX) 
with acetone-dg exchange rates. Opitz treated each enamine at -70° C 
with ethereal hydrogen chloride. Then the site of protonation was 
established by reacting a suspension of the enamine salt with ether 
lithium aluminum hydride (LAH) or diazomethane (Scheme 4). The LAH 
reacts with the C-protonated immonium salt to form amine XXXIV while the 
N-protonated enammonium salt reacts with the LAH to regenerate the 
original enamine. If the hydrochloride salt suspension Is 
treated with diazomethane and allowed to warm slowly to -40° C, at 
which temperature nitrogen is liberated, the immonium salt can be
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trapped as product XXXIII; the enammoniura salt will return to starting 
material with the formation of chloromethane. N-Protonation is the 
kinetically controlled process; but if the reaction mixture is allowed 
to stand at room temperature, the more thermodynamically stable 
C-protonated product is obtained.
SCHEME 4
c h 3c i
+
XXXI
LiAlH^
%
+
XXXI
ch2n2
Enamine
\N'
XXXI
H
ch2n 2
cr,0
N
©
N"
C 1 0
H
-CH2C1
XXXIII
XXXIIa XXXIIb
XiAlH. H
-H
N'
Enammonium
Salt
N-Protonation
Immonium
Salt
C-Protonation XXXIV
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Using lithium aluminum hydride as the trapping agent, the 
extent of C-protonation decreased in the order: 5 / 5 > 5 / 7 > 5 / 6 > 6 / 5
7/6> m/5> 6/6 > m/6 . Recall that the decreasing rate of the deuterium 
exchange follows the sequence: 5/5^ 5/7 >  5/6> 7/6> m/5 > 6/5^ 6/6 .
Thus, the correlation between the rate of the deuterium exchange 
and protonation on carbon is very good. Just where the 6/5 enamine 
fits in the deuterium exchange sequence is questionable since the 
data for the deuterium exchange of this enamine were obtained at 
80° C at concentrations quite different from the majority of the other 
kinetic runs. C-Protonation/N-protonation data correlate roughly 
with the nmr chemical shift data considering that the nmr chemical 
shifts increase in the order 5/5 <5/6 <6/5 <m/5 <7/6 <5/7^ 6/6 in 
benzene. The 5/7 enamine system is again out of sequence as in the 
correlation of the rates of the deuterium exchange reaction with the 
chemical shift data.
The correlation between deuterium exchange rates and the
extent of C-protonation upon treatment of enamines with anhydrous
hydrochloric acid implies that the deuterium exchange proceeds by a
similar mechanism. Initial protonation (deuteration) may occur on
nitrogen, and the relative rates may depend upon the rate of N-to C-
rearrangement. The rearrangement may be promoted by the presence of
16
enolate ions but direct thermal isomerization Is also possible.
However, it is unlikely that N-protonation playB a significant role
in our measurements since the N— rearrangement of m/5, m/6 , and 6/6 enam-
monitun salts occurs rapidly at room temperature.The lower exchange rates
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of the enamines must be attributed to differences in the initial 
rate of protonation.
In column 6 of Table XIX , the data for the reaction of
40
various cyclic enamines with cyanogen chloride are presented.
Enamines which undergo a rapid rate of deuterium exchange showed the 
highest yields of 2-cyanocyclic ketone product. The suggested mechanism 
for the reaction, which is similar to the mechanism proposed for the 
deuterium exchange process, involves nucleophillc attack by the enamine
94
on cyanogen. Subsequent abstraction of the acid proton alpha to 
the cyano group by either unreacted enamine or a tertiary amine leads 
to the beta-cyano enamine. The yield is a result of the enamine 
nucleophilicity. In the presence of triethylamine, the yields of 
beta-ketonitrile for pyrrolidino-, piperidino-, and morphollno-1- 
cyclohexene were 60%, 19%, and 6%, respectively with a corresponding
(CH,
0
Cl
C =  N
CN
h 2o
i
CN
(CH,
Increase in the formation of diethylcyanamide. The difference in 
the yield of 2-cyanoketone between piperidino and morpholino enamines 
can be attributed to their relative basicities. Stamhuis and
95
co-workers have measured the base strengths of enamines In aqueous
41
solutions by three different techniques. 1-N-Morpholino-l-lsobutene,
1-N-piperidino-l-isobutene, and the l-N-pyrrolid±no-l-isobutene exhibited 
pK values of 5.47, 8.35, and 8.84, respectively, as determined by a 
kinetic method at 25° C. Assuming that these experiments can be 
extrapolated to cyclic ketones, the morpholino enamine would be 
a thousand times less basic than the piperidino and pyrrolldino enamines.
The difference in reactivity between the piperidino and 
pyrrolidino enamines was ascribed to steric effects. Because the 
reaction is accompanied by precipitation of the products as insoluble 
salts, the reaction is kinetically controlled. Thus, the product 
formation should reflect the energy difference between the starting 
reactants and the transition states. If the transition state for the 
two enamines is approximated by structures XXXV and XXXVI,
Cl
t
S-
XXXV
ClI
I
I
,c
III
N
s-
XXXVI
then a comparison of the rates of reaction of the pyrrolidino and 
piperidino enamines amounts to a comparison of the ease of formation
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of the dipolar structures XXXV and XXXVI. Fran the generalization by Brown 
that a double bond exocyclic to a five-membered ring is preferred 
over a double bond exocyclic to a sixrmembered ring, structure XXXV 
would be expected to be formed easier than structure XXXVI. Thus, 
the pyrrolidino enamine should be more nucleophllic and give a higher 
yield of the 2-cyano product than the piperidino enamine as observed. 
Similar arguments could be used to explain the observed order of 
reactivities in the deuterium exchange reaction.
In the acylation reaction of enamines (Column 5 of Table XIX)
mechanisms have been proposed for obtaining the C-acylated product.
Since there are several possible mechanisms, the factors influencing
the reactivity of the enamine toward C-acylation become more complex,
and the order of reactivity of enamines in reactions with acylating
agents might be expected to be quite different from the order observed
in alkylation and protonation reactions. Indeed, the less nucleophllic
enamines, i.e. m /6 and 6/6 , gave the maximum yields of acylated 
13
product.
There are three possible mechanisms for obtaining the 
C-acylated product. The acylation of enamines with acid chlorides 
having no alpha hydrogen atom could occur directly on the beta carbon 
of the enamine or N-acylation could occur first followed by an 
intermolecular reaction with the beta carbon of a second enamine 
molecule to give a C-acylated product. The acylation of enamines with 
acid chlorides having an alpha hydrogen atom could occur by a third 
mechanism involving cyclo-addltion of ketene which is formed in situ
42
by the dehydrohalogenation of the acid chloride by the basic enamine.
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The initial product, >a cyclobutanone derivative, could subsequently
undergo rearrangement to the normal C-acylated product. (Scheme 5)
When excess morpholino enamine was used as the base, no ketene formed
43
and direct acylation by the acid chloride occurred. Direct 
acylation minimizes by-product formation; thus, higher yields of the 
desired adducts are obtained.
SCHEME 5
+ CH -C-Cl
+ ch2=c=o
C
CH,
If the mechanism involves the intermediate N-acylated 
product as an acylating agent, then the higher yield of the product 
from the morpholino enamines relative to pyrrolidino enamines could 
indicate that an N-acylated morpholine adduct is a better acylating 
agent than an N-acylated pyrrolidino enamine. The morpholino enamine
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would be expected to be a better leaving group than the pyrrolidino
enamine because of its lower basicity. Further acylation of the
enamino ketone can take place on oxygen or carbon to complicate
13
the acylation process.
Thus, a number of possible mechanistic pathways for obtaining 
the C-acylated product exist, and precise ellucidation of the 
mechanism is complicated by further acylation of the product. These 
facts complicate the reactivity data for the acylation process.
These complications make a direct comparison of the reactivity data 
in acylation reactions with the reactivity data for the alkylation 
reactions and protonation reactions of the cyclic enamines unrealistic. 
However, the poor correlation with exchange data suggests that the 
nucleophilicity of the enamine does not contribute significantly 
to the acylation reaction.
In conclusion, the rate of deuterium exchange of a given 
enamine with deuteroacetone is a measure of its nucleophilicity.
It is an excellent technique for predicting the reactivity of enamines 
toward Michael additions, protonation, and simple electrophiles 
such as cyanogen chloride because the mechanisms of these reactions 
appear to be straight forward nucleophilic attacks on the substrates. 
However, the technique fails when the reaction is more complex or 
when steric factors prevent the addition of the electrophiles.
CHAPTER V
EXPERIMENTAL
Reagents
Acetone-dg (99.5% minimum isotopic purity), chloroform-d^
(99.8% minimum purity) containing 1% tetramethylsilane, and dimethyl-
sulfoxide-dg (99.5% minimum purity) were purchased from Diaprep
Incorporated and stored over Linde 4A molecular sieves.
Cyclic Enamines
The following cyclic enamines were prepared according to
38
the procedure of Heyl and Herr and purified by fractional
distillation at the indicated b.p.: N-pyrrolidino-l-cyclopentene,
5/5, 88-92°/15 mm; N-pyrrolidino-l-cyclohexene, 5/6, 105-107°/13 mm;
N-hexaraethylenlmino-l-cyclohexene, 7/6, 122-126°/8 mm; N-pyrrolidino-
1-cycloheptene, 5/7, 56-57°/7.5 mm; ! N-piperidino-l-cyclohexene,
6/6 , 102°/8 mm; HN-dlmethylenimlno-l-cyclopentene, DMI/5, 85°/104 mm;
N —  heac a methylenimino-3,3,5,5-tetramethyl-l-cyclohexene, HMI/TM-6 ,
104-107°/1 mm; N-pyrrolidino-3,3,5,5-tetramethyl-l-cyclohexene,
5/TM-6, 131-134°/15 mm.
2
1,4,4-Trimethyl-A -tetrahydropyridine
2
The 1,4,4-trimethyl-A-tetrahydropyridine was prepared
4 4
essentially according to the procedure of Leonard and Hauck.
A mixture of 12.7 g (0.10 mol) of 1,4,4-trimethylpiperidine and 
150 g (0.48 mol) of mercuric acetate in 400 ml of 5% acetic acid 
(95% water) was heated on the steam-bath with stirring for 2 hours.
The first precipitate appeared 30 minutes after heating. The progress 
of the oxidation procedure was conveniently followed by measuring the
99
100
relative Intensity of the vinyl proton a t i 4.32 in the nmr spectrum of a 
chloroform extracted sample of the oxidized product. This sample 
was obtained by removing a 5 ml aliquot from the reaction mixture, 
adding % g KOH to the aliquot, bubbling hydrogen sulfide through the 
basic solution for a few minutes, filtering and finally extracting with 
0.5 cc of chloroform. Additional increments of 10 g Hg (CAc)g were 
added at 2 - 4 hour intervals until the nmr spectra indicated that 
oxidation was complete.
The reaction mixture was cooled and the precipitated 
mercurous acetate was collected by filtration and washing with 
5% acetic acid (washings added to filtrate). The filtrate was 
saturated with hydrogen sulfide, and subsequent filtration was 
carried out using a mat of wet Filter-Cel over a filter paper in 
a Buchner funnel large enough to hold the entire mixture at once.
The mercuric sulfide was washed with dilute acetic acid, and the 
combined filtrates were resaturated with hydrogen sulfide. The subsequent 
filtrate was neutralized with solid potassium carbonate. When 
no more gas evolution occurred, the aqueous layer was saturated with 
potassium hydroxide and extracted three times with 150 ml of ether.
The combined extracts were dried over magnesium sulfate for a short
time and filtered. Upon distillation 3.0 g (24%) of 1,4,4-
trimethyl-A^-tetrahydropyridine was obtained: b.p. 143-144°
/./. o 23 u  23
(Lit. 137-140 /740 mm); n^ 1.4533 (Lit.** = 1.4533); ir (Neat) 2940
and 1640 cm" 1 (C-C); nmr (CgDg - 1% TMS) J 5.63 (d, N=CH, J=8.0 Hz, 1H),
101
4.32 (d, C=CR, J=8.0 Hz, 1H), 2.66 (t, NCH0, J=5.8 H , 2H),
i- 8
2.33 (s, NCH3 , 3H), 1.56 (t, CCH2> J=5.8 Ha , 2H), and 1.03 [s, C(CH3)2> 
6H1; mass spectra (70 e/V) m/e (rel intensity) 125 (M^, 23),
124 (M -1, 5.7), 123 (M -2, 4.1), 111 (M -14, 10), 110 (M -15, 100),
108 (M -17, 35), 95 (M -30, 10), 94 (M -31, 12), 82 (31), 81 (7.8),
68 (7.9), 67 (6.0), 55 (8.9), 53 (8.5), 43 (12), 42 (12), 41 (17), 
and 36 (17). (Scheme 6 )
Anal. Calcd for CQH 1 cN: C, 76.74; H, 12.08; N, 11.18.
O Xj
Found: C, 74.63; H, 12.31.
SCHEME 6
+
-CHq •
M  - 15y
t
110
“CH3*k
-CV C H 2
+
82
-i +
-CH =CH
+
67
N
1,2,6-Trlmethylpiperidine
1,2,6-Trimethylpiperidine was prepared according to the 
45
procedure of Hill and Morgan. Distillation of the ether extracts 
produced (84%) of 1 ,2 ,6-trimethylpiperidine: 25.5 g; b.p. 147-149°
102
(Lit. bp 154-155°) n^ 4 = 1.4450; nmr (Neat) $  2.15 (a, NCH^, 3H),
1-92 (m, 2-CH-, 2H), 1.42 (broad d, 3CH2> 6H), and 1.02 (d,2CCH3 ,
J=6Hz, 6H).
2
1.2.6-TrImethyl-A -tetrahydropyridine
2
1,2,6-Trimethyl-A -tetrahydropyridine was prepared from
1.2.6-trimethylpiperidine according to the procedure of Leonard and 
44
Hauck. Distillation of the collected ether extracts yielded (24%)
rt
of the 1,2,6-triraethyl-A -tetrahydropyridine: 3.0 g; b.p. 162-164°;
k AA 99 —1
n£ ° * :5 =1.4895 (Lit. n^p = 1.4740); ir (Neat) 2910 and 1640 (C=C) cm ;
nmr (Neat) £  4.16 (s, C=CH, 1H), 3.00 (m, CH, 1H), 2.61 (s, N-CH.J, 3H),
1.90 (m, C=CCH2, 2H), 1.68 (m, CH2 + C=CCH3 , 5H), and 1.02 (d, CCH3 ,
J=6.0 Hz, 3H); mass spectrum (70 e/V) m/e (rel intensity) 126 (M‘ + 1 ,  4.7),
125 (M*, 50), 124 (M -1, 16.8), 111 (M -14, 13.5), 110 (M -15, 100),
109 (M*-16, 4.5), 108 (M -17, 11.2), 100 (4.8), 83 (11.3), 68 (21.5),
58 (49.2), 56 (52), 55 (12), 42 (45.7), 41 (38.6), 39 (17.3),
38 (14.6), 30 (13.4).
2-Methyl-A^-tetrahydropyridine
46
According to the procedure of Grundon and Reynolds,
2-methylpiperidine was chlorinated affording l-chloro-2-methylpiper- 
47
idine, which was dehydrohalogenated with potassium hydroxide to 
produce 2-methyl-A^-tetrahydropyridine: b.p. 81° /140 mm;
(Lit.46 b.p. 78°/222 mm); nmr (CDCl^ £  3.53 (m, C=N-CH2> 2H),
2.12 (m, N=C-CH2, 2H), 1.88 (t, N=C-CH3 , 3H), and 1.60 (m, 2CH2 , 4H).
^ 1 (1 0 ) _De^y(|r oquinoiizidlne
A solution of lithium diisopropyl amide was prepared according
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to the procedure of Evans by adding 0.047mol of n-butyl lithium in
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30 ml of hexane to a cooled (temp. ^  0°) solution of 0.047 mol 
diisopropylamine in 30 ml of THF. The amide solution was cooled 
to -30°and 2-methyl-A^-piperidine (4.53 g 0.047mol) was added. After 
15 minutes, the reaction mixture was cooled to -50° and 10 g (0.05 mol) 
of l-chloro-3-lodopropane was added. Then the reaction mixture was 
refluxed for 6 hours. Finally, the reaction mixture was cooled, 
poured into water, and extracted with hexane. Drying the hexane 
extracts over NaOH pellets and distilling the concentrate, yielded.
2.7 g of A^^^-dehydroquinollzidine: b.p. 55°/4 mm (Lit.^
b.p. 80°/18 mm); ir (Neat) 2925 and 1658 (C=C) cm "S nmr (Neat) £ 4.18
(broad triplet, C=CH, 1H), 2.64 (m, R C ^ - N - C ^ R 1, 4H), and 1.70 (m,
5CH2> 10H); mass spectra (70 e/V) m/e (rel intensity) 139 (M + 2 ,  6.2), 
138 (M + 1, 30), 137 (M*, 83), 136 ( M -1, 100), 135 (M-2, 5.2),
134 (M— 3, 8.2), 122 (M— 15, 21), 109 (M-28, 13), 108 23),
95 (6.4), 94 (7.5), 82 (10), 81 (16), 80(12), 68 (6.5), 67 (7.4),
56 (10), 55 (31), 53 (14), 42 (17), 41 (32), 39 (24), 29 (12),
28 (41), and 27(34).
Tetrahydrothlophen-3-one
Tetrahydrothiophen-3-one was prepared (30%) from methyl
o, 50
thioglycolate and methyl acrylate: b.p. 65-66.5 /I.5 mm (Lit.
b.p. 86-87°/25 mm); n£° 1.5233 (Lit.50 n£° 1.5268; 2, lt-dinitrophenyl-
hydrazone, m.p. 175° (Lit.^°m.p. 175-176.5°); ir (Neat) 1735 (C=0),
1392, 1130, 986, 858, 725 cm-1; nmr (Neat)&  2.45 (td, CH2C0, J=7.25
and 2.0 Hz, 2H), 2.96 (t, S C H 2 » J=7.0 Hz, 2H), and 3.08 (s, SCH2C0,
2H); mass spectra (70 e/V) m/e (rel intensity) 102 (M*, 100),
74 (M-28, 80), 60 ( M -42, 79), 59 (M-43, 92), 58 (M-44, 83),
104
53.7 ("meta stable", 102=74 +  28), 47 (M -45, 29), 46 (M -56, 42),
45 (M -57, 39), and 29.7 ("meta stable", 102=56 + 46).
Anal. Calcd for C.H.,0S: C, 47.03; H, 5.92. Found: C, 46.54;
4 6
H, 5.92.
3-N-Morpholino-2,5-dihydro-and- 4 ,5-dlhydrothiophene
The morpholino enamine was prepared by refluxing 4.5 g 
(0.044 mol) 3-ketotetrahydrothiophene and 5.0 g (0.058 mol) of 
morpholine in 100 ml of benzene for 1 hour. The reaction was driven 
to completion by collecting .tth» water in a Daan Stsark waten 
separator. Fractional distillation afforded (60%) 4.5 g of the enamine:
b.p. 99-100°/0.5 mm (Lit.5 1 b.p. 108-110°/0.07 mm ) , m.p. 50.5°
51 f
(Lit. m.p. 41-45). NMR (CDCl.j-1% TMS) d 4.85 (t, C=CHS, 0.37 H ) ,
4.64 (s, C=CH, 0.45), 3.73 (m, CCH2S + NC«2 , 5.52 H ) , 3.16 (q, CH2SCH2,
I.45 H), 2.89 (m, 2 0CH2 , 4.13 H) , and 2.63 (q, C=CCH2 , 0.98 H)
(Scheme 7).
Anal. Calcd for CgH^NOS: C, 56.11; H, 7.65. Found:
C, 55.71; H, 7.71.
SCHEME 7
105
52
Preparation of 3-N-Pyrrolidlno—2,5-dihydro-and-4,5-dihydrothiophene 
Molecular sieves (Linde 43A, 4-0 g) were added to 1.0 g 
(0.01 mole) of tetrahydrothiophen-3-one and 1.0 g (0.014 mol) of 
pyrrolidine in 20 ml of benzene. The reaction mixture was shaken 
until no free ketone was detected via ir spectroscopy (about 24 hours at 
room temperature). The mixture was filtered and the molecular sieves 
were washed with solvent. After removing the solvent, a vacuum 
distillation gave (30%) 3-N-pyrrolidino-2,5-dihydro-and-4,5-dihydro- 
thlophene: 470 mg, b.p. 70° /Q.3 mm (Lit.^\»p70-72.5/0.5 mm);
20 O SI 70 —1
n£ 1.5734 (Lit. nAU 1.5757); ir (Neat) 1645 (C=C), 1600 (OC) cm ; 
nmr (CDClg-17.TMS) £  4.36 (t, C=CHS, J=2.0 Ha, 0.32 H) , 4.19 (s,
C=CH, 0.52 H), 3.76 (s, CH2S, 1.92 H), 3.10 (m, CH2S + CH2N, 4.53 H),
2.69 (m, SC=CCH2, 1.56 H), and 1.87 (m, CH2> 4.18 H ) ; mass spectra
(70e/V) m/e (rel intensity) 155 (M*, 64), 154 (M -1, 27), 153 (M -2, 34),
152 (M -3, 38), 122 (M -33, 20), 110 (M -45, 19), 102 (23), 97 (23),
84 (52), 70 (44), 54 (38), 43 (100), 41 (95), 34 (58), 33 (57), and 
32 (58).
Anal. Calcd for C-H.„NS: C, 61.88; H, 8.44. Found:
o 1j
C, 61.34; H, 8.55.
53
3(2H)-Dihydrothiophenone-1,1-dioxide
3-Acetoxy-2,5-dihydrothiophene-1,1-dioxide was prepared by
the Diels-Alder reaction of 2-acetoxy-l,3-butadiene with anhydrous S02 *
The 2-acetoxy-l,3-butadiene was generated "in situ" by the reaction of
isopropenyl acetate aid methyl vinyl ketone in the presence of an acid
54catalyst and inhibitor.
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The 3-acetoxy-2,5-dihydrothiophene-l,1-dioxide was prepared 
by introducing 28.7 g (0.41 mol) of methyl vinyl ketone, 50.7 g 
(0.507 mol) of isopropenyl acetate, 2.0 g of p-toluenesulfonic acid and
1.0 g of hydroquinone in a glass-lined Parr bomb. After cooling the 
bomb to -70° and adding 160 g (2.50 mol) of anhydrous SO2 , the bomb 
was sealed and heated to 60° for 60 hours. The excess SO2 was 
distilled and the residue recrystallized from EtOH at -20°. Upon 
decolorizing the crude product with activated charcoal and recrystallizing 
the material a second time from EtOH, 9.8 g (13.5%) of 3-acetoxy- 
2 ,5-dihydrothiophene-l,1-dioxide was obtained.
The 3-acetoxy-2,5-dihydrothiophene,-l,1-dioxide was hydrolyzed
giving (60%) 4.5 g of pure white needles of 3 -ketotetrahydrothiophene-1,1-
o 53 o
dioxide: m.p. 63 (Lit. mp 61-62 ); 2,4-dinitrophenylhydrazone,
m.p. 209° (dec) (Lit. 53 m.p. 211-213° C); ir (KBr), 1744 (C=0),
1620 (C=C), 1309 (0=3=0), 1260, 1190, 1124 (S02) , 885 cm"1 ;
nmr (CDC13-1% TMS) % 3.70 (s, S02CH2C0, 2H), 3.57 (t, CH2S02 , J=7.5, 2H),
3.05 (t, CCH2-CO, J=7.5, 2H); mass spectra (70 e/V) ra/e (rel intensity)
134 (M*\ 3.7), 104 (M-30, 16), 85 (M-49), 21), 83 (M-51, 32), 76 (M-58,
15), 70 (M-64, 47), 64 (100), 50 (19), 45 (36), 43 (48), and 42 (83)
(Scheme 8).
Anal. Calcd for C, 35.81; H, 4.51. Found: C, 36.09;
H, 4.73.
3-N-Morpholino-4,5-dihydrothiophene-l,1-dioxide
The morpholino enamine of 3-ketotetrahydrothiophene-l,1- 
dioxide was prepared by refluxing 1 g (0.0074 mol) of the ketone with 
1 g (0.0116 mol) of morpholine in 75 ml of benzene. After 30 minutes, 
several drops of water had collected in the Dean-Stark trap. On
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cooling the reaction mixture, the enamine crystallized. The product 
was recrystallized from isopropyl alcohol to give 0.5 g (33%) of 
white granular crystals: m.p. 173°; ir (KBr) 1596 (C=C), 1260 (S02)
and 1110 (S02) cm-1; nmr (CDCl.j-1% TMS) £ 5.30 (s, C=CH, 1H),
3,75 (t, NCH2 , J=5.0 Hz, 4H), 3.38 (t, CH2S02 , J=7.25 Hz, 2H),
3.18 (t, CH20, J=5.00 Hb, 4H), 2.89 (t, C=CCH2 » J=7.25 Ha, 2H). The 
mass spectrum is discussed in Appendix I.
Anal. Calcd for CgH^NO^S: C, 47.27; H, 6.45. Found:
C, 47.40; H, 6.69.
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3-N-Pyrrolidino-4,5-dihydrothiophene-l,1-dloxide
One g (0.0075 mol) of 3-ketotetrahydrothiophene-l,l- 
dioxide with 1 g (0.0143 mol) of pyrrolidine in benzene was refluxed 
for 30 minutes with a water separator. The benzene was then removed 
and the enamine recrystallized from isopropyl alcohol as a white 
needle-shaped solid: 700 mg (50%); m.p. 168° ; ir (KBr) 1600 (C=C),
1250 (S02), 1105 (S02) cm-1; nmr (CDC13 -1% TMS) % 5.00 (s, C=CH, 1H),
3.36 (t, CR2S02> J=7.5 He, 2H), 3.29 (m, CH2N, 4H), 2.91 (t, C=CCH2 ,
J=7.2 Ha, 2H), and 1.97 (ra, CH2 » 4H). The mass spectrum is discussed 
in Appendix I.
Anal. Calcd for CoH..„N0„S: C, 51.31; H, 7.00. Found: C, 51.00;
U J-3 J
H, 7.18.
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INSTRUMENTS
Nuclear Magnetic Resonance Spectrometer'
Quantitative measurements were made witheither Varian Analytical 
Nuclear Magnetic Resonance Spectrometers) (model A-60-A or model 
XL-100-15.)
Constant Temperature Bath
Three types of constant temperature baths were used during
the course of the experimentation based upon the temperature desired
and time period involved in completing the kinetic run.
For relatively fast kinetic runs at 40° , the nmr probe
Itself was used as the constant temperature bath. The probe temperature
was 40° • Fluctuations about this temperature were not greater than
35
± 1 . 0 as determined by standard procedures.
For fast kinetic runs above 40°, a Varian V 6040 NMR Variable
Temperature Controller equipped with a V 6075 Variable Temperature
Accessory was used to heat the probe which served as
the temperature bath. Fluctuations about the desired temperature
setting were not greater than i l ° , as determined by chemical shift of a 
55
glycol sample.
For kinetic runs with half-lives of several hours or days 
at temperature below 80° (±0.5°), a Cannon Constant Temperature Bath 
Model M-l containing white mineral oil was used. However, for 
temperatures above 80°, the temperature bath consisted of a 500 ml beaker 
filled with oil and surrounded by a Kontes Heating Mantle Series 0.
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GENERAL KINETIC PROCEDURE
The rate data were obtained by a procedure illustrated by 
the following specific example: A capped nmr tube was tared to five
decimal places on a Mettler balance. Using a 100 >*1 syringe,
0.05 ml (50 jul) or 42.20 mg .'of 1,4,4-trimethyl-^?-tetrahydro­
pyridine was added to the tared nmr tube, and the tube and contents 
were reweighed. In like manner, 0.250 ml (214.47rog;) of benzene and 
0.125 ml (96.83mg) of acetone-dg were added. The nmr tube was weighed 
after the addition of each substrate to determine the exact amount 
of reactant added. The nmr tube and contents were placed into a dry 
ice-acetone bath, flushed with Ng and/or argon, and then sealed.
The nmr tubes were usually sealed with a plastic pressure cap for the 
kinetic runs at room temperature, but'for higher temperature runs the nmr 
tubes .were melt sealed. H e  tube was left at -70° C until the exchange 
reaction was Initiated by Inserting the tube into the nmr probe.
The reaction was monitored as described in this-section,' page 111.
In some cases, it was more convenient to make up a standard
solvent solution containing benzene, acetone-dg, and/or tetramethyl-
silane. The appropriate amounts of each were weighed into' a . small
flask and stored in the freezer. An aliquot of the solvent acetone-d,
o
mixture was then weighed into the nmr tube after the enamine had 
been injected. Tetfamethylsilane was riot-added to the reaction solution 
for the 60 M h nmr kinetic runs. However, TMS was required for
the signal lock on the 100 Mz nmr. In these cases, the TMS was added 
quantitatively.
Ill
Experimentally, in the specific case of the 1,4,4-triraethyl- 
A~tetrahydropyridine at 40° C, the kinetic data were obtained in 
the following manner: The nmr tube was placed in the A-60 probe, and
the timer was started. The nmr spectrum was intergrated every few 
minutes at a carriage speed of 50 sec. over a 250 cps sweep width 
between 6 and 1.5 ppm downfield from TMS. The integration amplitude 
was adjusted as high as possible without getting noticeable drift 
in the base line. The instrument settings for a particular run were 
usually predetermined by a blank sample containing the enamine being 
run. At regular timed intervals the nmr spectra of the enamine were 
integrated; the reaction time was recorded at the beginning of the 
50 sec. sweep. Integration of the spectra was continued at regular 
intervals until the olefinic proton peak disappeared.
The integrated peak heights were measured and recorded in 
centimeters and/ or millimeters by means of a metric ruler. An 
imaginary base line had to be extrapolated from the true base line 
in order to obtain a reference for measuring the intergrated peak 
heights. In Appendix II under the kinetic data section, the first 
three columns labeled Pre X, Hv , list the time (min.), the 
measured integrated height (cm) for the disappearing olefinic proton, 
and the measured integrated peak height (cm) of the reference peak, 
respectively. The data were then treated as described in Chapter II. 
In Appendix II the computer program used to calculate the pseudo 
first order rate constants is described. Table XX 
summarizes the chemical shift of the olefinic proton Hv 
undergoing deuterium exchange, the chemical shift of the reference
TABLE XX
SUMMARY OF CHEMICAL SHIFTS OF H AND H., C VALUES
v 1
* 4 #
Enamine C
2
1,4,4-Trimethyl-A -tetrahydropyridine 4.32 5.63 1
2
1,2,6-Trimethyl-A -tetrahydropyridine 4.16 1.02 3
A^^-Dehydroquinolizidlne 4.18 2.64 4
3-N-Morpholino-4,5/2,5-dihydrothiophene 4.85 2.89 4
4.64
3-N-Pyrrolidino**4,5/2,5-dihydro thiophene 4.36 1.87 4
4.19
3-N-Morpholino-4,5-dihydrothiophene-l,1-dioxide 5.30 3.75 4
3-N-Pyrrolidino-4,5-dihydrothiophene-l,1-dioxide 5.00 3.36 8
3.29
2.91
N ~  Hexamethylenimino-l-cyclopentene 3.90 2.78 4
N — Hexamethylenimino-l-cycloheptene 4.63 2.98 4
N —  Morpholinoenimino-l-cyclopentene 
N —  Piperidinoenimino-l-cyclohexene
* H = Chemical shift of vinyl proton undergoing deuterium exchange
^ = Chemical shift of reference proton(s)
# C = Number of protons represented by reference peak
Refer to page 26, equation 5.
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protons H} (used as the internal standard), and the proton 
equivalent or C value of the number of protons represented by the 
reference peak for each of the enamine systems studied. In some cases, 
such as the 3-N-morpholino-2,5/4,5-dihydrothiophene and 3-N-pyrrolidino- 
2,5/4,5-dihydrothiophene, the enamine consisted of a mixture of the
2,5 and 4,5 dihydrogen isomers, which were not separated and the 
kinetic run was made on the isomeric mixture. Thus, the olefinic 
proton peak Hv represents two different enamine olefinic protons.
The two olefinic protons were treated as one peak and the Hv 
value represents the sum of the measured integrated peak heights 
of both protons. There appeared to be no measureable difference 
in the disappearance rates of the individual olefinic protons 
of the separate isomers. For example, in the morpholino enamine 
of tetrahydrothiophen-3-one, the olefinic proton at<f 4.85 did 
not appear to disappear faster than the proton at & 4.64.
In certain cases, such as the 3-N-pyrrolidino-4,5-dihydro- 
thiophene-1 ,1-dioxide, the reference peak consisted of several 
peaks. The total sum of the integrated peak heights was used as the 
internal standard, and the total sum of the number of protons 
represented under the reference peaks was used as the C value.
The following criteria were used in selecting the reference 
peaks. (1) The reference peak should have a relatively constant value 
for the measured integrated peak height. That is, the measured peak 
height should not vary more than + 10% of the total peak height during 
the course of the reaction. (2) The reference peak should have a 
chemical shift which is different from the other protons in the spectra
114
in order to aid data processing. The individual integration of peaks 
close together is hard to distinguish and measure. (3) The reference 
peak ideally should have a measured integrated peak height similar 
to the original measured integrated peak height of the disappearing 
proton so as to reflect more nearly the experimental error made in 
measuring the nmr spectra. Experimentally, most of the reference 
peaks failed to meet more than one or two of the above criteria. 
However, acceptable kinetic data could be obtained for most of the 
enamines studied in this dissertation.
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APPENDIX I 
MASS SPECTROMETRY OF ENAMINES
The literature on the mass spectra of enamines is rather 
limited in spite of the significance of these compounds in organic 
synthesis. This paucity of information is an indication of the 
complexity and apparent non-conformity of the enamine cracking 
patterns. The interpretation of the mass spectra of enamineB can be 
simplified by selective incorporation of deuterium into the beta 
position of the enamine substrate. The deuterium exchange reaction of 
enamines with acetone-dg represents a routine technique for labeling 
enamines in this fashion, and we have demonstrated this application 
in the following section.
Williams initially demonstrated the application of labeling
techniques in the interpretation enamine mass spectra in a study
of the fragmentation patterns exhibited by enamines derived from
56
ethyl acetoacetates. Up to five deuterium atoms could be incorporated 
into ethyl3"(N-methylamino) but-2-enoate (I) by equilibrating 
the enamine with D£0 in the heated inlet of the spectrometer. The 
exchange occurs readily through an enamlne-imine tautomerization 
(Equation 1) but the technique is limited to enamines with reasonable 
hydrolytic stability. The labeling experiment substantiated the loss 
of the C-methyl group in a secondary fragmentation process (III— ^IV) 
since the deuterium is fully retained in fragment III. Similar 
labeling experiments with enamines derived from cyclic ketones should 
help elucidate the mechanistic pathway for the fragmentation of these 
derivatives.
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Williams studied the mass spectra of the pyrrolidino 
enamines of cyclopentanone, cyclohexanone, and cycloheptanone, and 
the morpholino enamlnes of 3-methyl-, 4-methyl- and 2-propylcyclo- 
hexanone. N-Pyrrolidino-l-cyclohexene and N-pyrrolidino-l-cyclo- 
heptene were reported to give no single prominent fragmentation 
product, however, 3-N-pyrrolidino-l-cyclopentene decomposed quite 
specifically by loss of hydrogen radicals (M-l). All three compounds 
gave appreciable peaks due to the loss of several hydrogens; the 
tendency for loss of hydrogen being directly proportional to the 
increasing in temperature of the inlet systems. 1-N-Pyrrolidino-l- 
cyclohexene gave pronounced M -2 (17%), M -3 (17%), M -4 (40%) and
117
M - 5 (51%) ions at a heated inlet temperature of approximately 200° C.
56
Williams suggested that the M-5 ion was probably due to the 
aromatization of the cyclohexene ring as shown below.
M  - 5
The aromatization appeared to be a thermal process rather than the 
result of simple electron impact and ionization since the extent of 
M-5 ion formation was dependent upon the temperature of the inlet 
system.
Lynch ^ has attempted to study some of the factors determining 
the relative abundance of the aromatized fragments in the mass spectra 
of enamines of cyclic ketones derived from heterocyclic bases.
In the enamines of cyclohexanone, the stability of the M and M-l 
ions was found to vary with the heterocyclic amine. The pyrrolidino 
enamines gave relatively weak M  and M-l peaks but strong M-4 and 
M-5 peaks, where as the hexamethylenimino enamines gave fairly strong 
M  and M-l although the M-4 and M-5 peaks were of comparable abundance.
In the cyclopentanone enamine, the M  and M-l peaks were weak for the
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pyrrolidino and hexamethylenimino , but Intense for the piperidine and 
morpholino enamines.
In most of the mass spectral studies of enamines derived 
from the cyclic ketones and heterocyclic enamines, no one has 
attempted to say much about the fragmentation mechanism with one 
exception.'*** The enamines of cyclic ketones substituted at the 
beta-carbon atom on the parent ketone fragmented very specifically 
by way of "enamine-cleavage", which was coined by Williams to 
describe the elimination of H* or R* from the Jf—  . 
carbon relative to the enamine. Where there is a choice between alkyl 
and hydrogen radical loss in the gamma fission process, then the 
former is preferred.
CH,
-CH,
+
This gamma fission phenomenum was found to be quite common in enamines 
derived from beta-branched acyclic aliphatic aldehydes. Useful 
information about beta-branched aldehydes and cyclic ketone can be 
gained from the mass spectrum of the derived enamines. We utilized 
the enamine cleavage process to produce a stable ion which retained all 
of the deuterium incorporated in the exchange process to demonstrate
that an exchange had indeed occurred. The mass spectrum of
2
1 ,4 ,4-trimethyl-A -tetrahydropyridine exhibited an intense peak at 
m/e 1 1 0 , which was generated by the following fragmentation process.
+
(+)
-CH3-
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After treatment with acetone-dg, this enamine exhibited a strong peak 
at m/e 1 1 1 initially, but repetitive scans of the spectrum revealed 
that the intensity of this peak decreased with time. Apparently, 
the deuterium was being reexchanged with some proton source within 
the inlet system of the mass spectrometer. This rapid reexchange 
process prevented us from conducting a detailed analysis of the more 
reactive deuterated enamines. However, we were able to utilize 
deuterium exchange techniques in interpreting the cracking patterns 
of enamines derived from 3-oxotetrahydrothiophene-l,1-dioxide.
1 ,1-dioxide was examined before and after treatment with acetone-dg.
The principle peaks are summarized in Table XXI. t Scheme 9 was
developed to rationalize these data. The interpretation is complicated 
by the fact that the exchange process is incomplete. The molecular 
ions of monodeutero— , dideutero— and trideuteroenamines are 
represented by peaks at m/e 188, 189 and 190, respectively. Assuming 
that the intensity of these peaks represents their relative concentration, 
the ratio of three derivatives is 1.26:1.66:1, respectively.
The mass spectrum of 3-N-pyrrolidino-4 ,5-dihydrothiophene-
m/e
190
189
188
187
186
126
125
124
123
122
121
98
97
96
95
94
93
84
83
82
81
70
120
TABLE XXI
MASS SPECTRA OF 3-N-PYRR0LIDIN0-4.5- 
DIHYDRCTHIOPHENE-1,1-DIOXIDE
Natural Enamine 
Re 1 * Int»> 1
Deuterated Enamine 
Rel. Int.. X
2.9 
4.3 
34.8 (M*) 
11.5
31.8 (C8H 10D3NSO2)
52.8
40.2
12.8 (C8Hi3NS02) 
2.4
4.7
27 (C8H 13N)
18.8 
3.9
5.0 (C8HioD-N)
22.0 (C8H9D3R)
39.0
30.8
10.0
4.1
10.8 (C6H6D 3N) 
5 . 3 20.8
9.3 25.6
16.2 (C6HoN) 24.6
13.1 8 . 0
7.1
9.5
11.1
30
7.4
12.2
13.1
18.6
24 13.8
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The tendency for the molecular Ion to lose a hydrogen atom complicates 
this interpretation. Therefore, we have simply followed the intensity 
of the trldeutsaro fragments in the spectrum.
The initial fragmentation appears to involve the loss of 
SO2 from either the molecular ion (M*) or the M*~l ion. A weak peak 
at m/e 126 (M*-64) in the deuterated enamine confirms that the SO2 
can be expelled from the molecular Ion. The low intensity of this 
peak may be due to the transient nature of this ion; a subsequent 
expulsion of ethylene yields the fragment with m/e 98. The existence 
of a significant ion at m/e 98 indicates that the ethylene was expelled 
from amine ring of the enamine since the loss of ethylene from the 
thiophene dioxide ring must be accompanied by a reduction in the 
deuterium content of resultant fragment. A metastable peak at 
m/e 80 is consistant with the loss of SO2 from the parent ion.
Expulsion of SO2 from the M-l ion appears to yield a
stable fragment (m/e 125). The ratio of the three peak heights at
123, 124 and 125 1 b 1.36:1.77:1.0, respectively. This is relatively
close to the initial distribution of deuterium in the enamine which
indicates that the proton is probably lost from the amine ring.
Subsequent elimination of 02^  from the dehydropyrrolidine ring appears
to be a higher energy process since much higher ion currents of the
M*-65 ion are observed. The presence of a large peak at m/e 70,
56
which is attributed to a dehydropyrrolidine ion, suggests that 
fragmentation processes compete with expulsion of SO2 from the M*-65 ion.
Examination of the mass spectra of 3-N-morpholino-4,5- 
dihydrothiophene-1 ,1-dioxide before and after deuteration confirmed 
our hypothesis that fragmentation of the amine ring is primarily
123
responsible for the cracking patterns observed. The principal peaks 
in the spectra are summarized in Table XXII and a proposed fragmen­
tation sequence is outlined in Scheme 10. The second heteroatom in 
the morpholino ring tends to promote more complex decompositions, but 
the deuterium appears to remain on the charged fragment. For example, 
the ions at m/e 145 and 81 resulting from complete degradation of 
the morpholino ring are major peaks in this spectrum, in contrast, 
these ions are very weak in the pyrrolidine analogue. The presence 
of a strong M^-65 ion Illustrates the tendency for amine derivatives 
to produce stable ions by alpha-cleavage reactions. The deuterium 
labeling experiments clearly demonstrate that a knowledge of the 
typical fragmentation patterns of amines is essential for an under­
standing of the mass spectrometry of enamines.
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TABLE XXII 
MASS SPECTRA OF 3-N-M0RPH0HN0-4,5- 
DIHYDROTH10PHENE-1,1-DIOXIDE
Natural Enamine Deuterated Enamine
m/e Rel. Int.. %  Rel. Int.. X
206 100 
205 30.0 100
204 37.8 96.6
203 100 38.2
148 15.5
147 6.1 19.6
146 17.1 21.0
145 78 9.3
142 4.8
141 14.8
140 4.15 19.2
139 31.6 19.2
138 55.5 7.1
112 6.2 19.3
111 15 40
110 41.5 55
109 79.5 60
108 100 25
85 6.9 12.2
84 7.7 15,2
83 20.2 24.4
82 27.2 26.2
81 52.5 20.4
80 36.2 7.8
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APPENDIX II 
COMPUTER PROGRAM
The Least Squares program for interpreting the kinetic 
data was written by H. R. Streiffer. The data were interpreted by 
assuming the kinetics of the deuterium exchange reaction of various 
enamines in the presence of hexadeuteroacetone followed the following 
equation:
Kt = 2 . 3  log (HR/cH^t
(I)
*  =
h r
The input data were fed to the computer as three variables:
Hr , Hv , and t. The computer calculated the best straight line 
according to the method of least squares and printed out the slope 
of the plotted line, the half-life of the reaction, and a concentration 
vs. time plot for the particular deuterium exchange reaction.
Thus, a data card for each point on the plot and each kinetic 
measurement had to be fed to the computer.
A typical set of data was treated in the following manner.
The input on the first and second data cards were headings describing 
or labeling the particular kinetic run under study. The third card 
was an option card for variables X and Y, the X being t or the time 
variable and Y  being the concentration variable or <JL . The second 
column of the third card is the option card for variable X, or the 
time option. A zero (a blank) in this column will mean that the time 
variable will be multiplied by 1, if X 1b 1, time will be multiplied 
by 60, and if X Is 2 time will be multiplied by 3600. A plot option
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goes In column three, card three with a 0 or blank Indicating no 
plot and a 1 indicating plot. The division factor (C) in equation 
(L) goes in column 11 thru 20 and represents the number of hydrogens 
in the nmr signal represented by value.
Card four and the following cards are the actual data 
cards. In the first 10 columns the time t of the kinetic reading is 
recorded. The time was put in usually as minutes. This fact would 
mean that option X in column 2, card 3 would be 1. In the second 
10 columns the value of »v was recorded as measured to the nearest 
millimeter. is the height in centimeters of the beta vinyl
proton peak of the enamine undergoing the deuterium exchange during 
the exchange reaction. The value is obtained by measuring the inte­
grated height of the nmr signal due to the vinyl proton peak at 
time t far the particular enamine being studied. In the third 
10 columns, the value of Hj was recorded to the nearest millimeter.
is the height in centimeters df the Integrated nmr signal of the 
reference peak in the enamine. represents the internal standard 
or reference peak at time t. An individual data card must be punched 
for each point put into the kinetic run. The last card of a kinetic 
series, should have a 1 in column 40 to indicate the end of the 
kinetic run. Multiple kinetic runs can be obtained provided the 
above procedure is followed for each kinetic run input. A typical 
printout of a kinetic run is on page 136 of Appendix II. The first 
line states which enamine was studied in the exchange reaction 
(3-N-pyrrolidino-4,5-dihydrothiophene-l,1-dioxide) along with the 
temperature of the kinetic run (40° C) and an identification number 
(0.02433).
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The second line records the concentration In moles of the 
reactants and solvents used In the reaction. The enamine 
conc. - 0.0001297 moles of 3-N-pyrrolidino-4,5-dihydrothiophene-l,1- 
dioxlde was reacted with C D C ^ 1- 0.00301 moles of chloroform-d^
(CDCI3 ) and 0.001645 moles of deuterated acetone (C3D5O).
In line three the X  Factor = 60 represents the time factor,
the number by which Pre X was multiplied by during the calculation.
The term X Factor * 60 means that the Pre X column was multiplied by
60 to obtain X, column 4. This time factor represents the conversion
of minutes to seconds. The value of A represents the variable C
in equation (1). C is a constant for the particular kinetic run and
is part of the input. The rate constant as calculated by the computer
is recorded as the value of Slope*2.303. This rate constant was
calculated on the basis of the slope of least squares plot of the
data. The units of the rate constant data will be sec"* if the value
of X was read in as minutes and the X Factor ° 60. Thus, the value
-4 -1
of rate constant in this kinetic run is 1.693453 x 10 sec
The half-life is the half-life of the first order kinetic reaction
as calculated by the equation
*1/2 - (2)
If the X Factor is 60, the half-life is recorded in terms of minutes, 
thus, half-life “ 68.204 min. The fifth line prints out the pre­
dicted equation. This equation is the mathMoatlcal equation the 
computer used to calculate the best least squares line through the 
plotted data.
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The next 8 columns represent the Input and output kinetic 
data. The first three columns recorded the raw kinetic data read 
into the computer. Pre X is the time of the kinetic reading In 
minutes (9.00 min.), is the integrated height of vinyl proton 
peak in centimeters (2.07 cm), and Hj is the height of the reference 
peak in centimeters (18.93 cm). Pre Y is the value of ot , in this 
case the value of H,, • ^  | V 8 ) ■ 1.14312 Column X is the > 
product of Pre X multiplied by 60 ( 9 x 60 = 540) and represents the 
conversion of 60 minutes to 540 seconds. Column Y is the common 
log of Pre Y (Log 1.14312 a 0.05809). Column Y Calc, is the value 
of Y calculated from the predicted equation and column Y Diff. is 
the deviation of Y from the Average Value of Y obtained by the 
predicted equation.
The various least squares perimeters appear at the end of 
the data printout. Most of the terms are self-explanatory. The 
observation number represents the number of points In the kinetic 
run read into the computer.
The computer plot of the Log Concentration (Log <*- ) vs. time
is shown on the last page of the printout. The horizontal axis
(x axis) represents the time in seconds while the vertical axis
(y axis) represents the Log or Log (cHy \, The slope of the best
\HR /
straight line is not actually plotted on the computer printout but 
the position of the line is indicated by the (+) and the (2 « +  and *) 
recorded in the right and left vertical dotted margins. (Normally a 
(+) is found in both dotted line margins.)
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1
2
X
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RO COLUMN HEADER 
80 COLUMN HEADER 
OPTION CARD FnR 
Y OPTION GOES IN COLUMN 
GOES IN COLUMN 
= O t BLANK )
= 1 
= 2
p l o t o p t i o n g o e s in c o l u m n th r e e
0 OR BLANK FOR NO PLOT 1 FOR PLOT 
DIVISION FACTOR COES IN COLM'S 11 THRU 
INPUT DATA TO PROGRAM 
TIME -VALUES IN FIRST 10 COLUMNS 
SECOND 10 COLUMNS 
THIRO 10 COLUMNS 
COLUMN 40
1
60
3600
20
HV 
HI 
A 1
VALUES 
VALUES 
I DNE )
IN
IN
IN
C .
t
(.
DIMENSION PREX(201> ,
1 HEADR2(20) ,
2 IDUMl(200 > t 
DATA MAX / 200 /
C
C
C
4 6 6 6 6 6 4 4 4 6
HV(201 I , HI(201 ) 
. X(200) , Y(200)
IDUM2(200)
ENTRY POINT
. PREY(201) 
» YCALC(200)
466666
201 CONTINUE
C
C
~C'
4- . 5 .
6~r
8
T
10
ir
PRINT 900 
” 900 FORMAT (1H1I 
READ ( 5 t 10 
‘ — " READ I 5
10 FORMAT (
—  PRINT 11
PRINT 11 
11' FORMAT I
, 10 ,
20A4 *)
END = 
END =
1000
1000
HEADR1
HEADR2
I STD 000 
Lb 10 00 1
TO BE CFNTERED 
TO BE CENTERED 
INPUT DATA ( 3Il>7XtFlO.
L STD 
I STO 
LSIO 
L STO 
L STO 
I. STO 
LSTO 
L STO 
LSTO 
LSTO
I
LSTO
LSTO
)
002
003
004
005
006
007
008
009
010 
Oil
013
014
6 6 6 6 6 6 6 6 6 4 6 6 6 6 6 6 6 6 6 6 6 6 6  66 6 6 6 6 6 6 6 6 6 6 6 6646 666 6 666 6 6
4 4 4 4 4 4 4 4 4 4 4 4 4 444 4 4 4 4 4 4 4 4 4 4 6 6 6 6 6 6 6 6  6 6 6 6 6 6 6 6 6 6 6 6 * 4 * 4 * * 4 4 4 444444  
4 4 4 4 4 4 4 4 4 444 44444*44444444444 44444 4 4 4 4 4 4 4 4 4 4 4 4  44444 44 44444 44 44
LSTO 021 
LSTO 022 
LSTO 023
LSTO 030 
LSTO 031 
LSTO 032 
LSTO 033 
LSTO 036 
LSTO 035
HEADR!(20) 
YD IFF(2001
4 4444 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4  4 4 444444 44444 44 4 4 4 4 4  4 4 4 4
LSTO
LSTO
LSTD
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
060
051
052
053 
056
055
056
059
060 
061
HEADR T't
t HEADR2 
1H ,25X.20A6 t Ic 1
12 RF AD 13 , IV . IX , IPLOT r A
13 13 FORMAT ( 311 t 7X , F10.0 I16 IF ( IX .ED. 0 ) FACTR = 1.
15 IF t IX .ED. 1 I FACTR = 60.
16 IF < IX .RO. 2 > FACTR = 3600.
LSTO 063
LSTO 065
LSTO 069
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c
c
c
RFAI) AND TRANSFORM INPUT OAIA
17
ift
19
20 
21 
22 ‘
23
24
25
M = 0
M = THE NUMBFR OF DATA POINTS
65 M = M + 1
READ 66 , PREX(MI , HVtMI , HI(M) T MSTOP
66 FORMAT ( 3F10.0 , 9X . II )
IF ( MSTOP .GT. O ) GO TO 400
IF I ' M  " .GT. MAX I GO TO 257
PREY ( M I = HI ( M I / < HV I M ) *.A I
Y ( M ) = ALDG10 < PRFY ( M I )
X ( M 1 s PREX I M I * FACTR '
26
27
2B
29
30 
*31
32
“33'
34
300' CONTINUE
C
C
C
GO TO 65
***** PERFORM tEAST SQUARES ANALYSIS
400 CONTINUE 
M = M - 1
SUMX = 0.0 
SUMY a 0.0 
SUMX2 = 0.0 
”SUMY2 a 0.0 
SUMXY = 0.0
35
36
38
39
40
41
DO 60 K = 1 , M 
' SUMX = 'SIJMX ' + 
SUMY = SUMY + 
SUMX2 = SUMX2 + 
SUMY2 = SUMY2 + 
SUMXY = SUMXY + 
60 CONTINUE
X I K ) 
Y I 
X (
K )
K 1 * X ( K 
# Y I KY I X )
X < K ) * Y ( K )
C
42 1
43
44
45
46 
' 47
1
C
48
49 1
50
C
51
1 52
53
* 54
55 500
i C
t 56
I C
1
57
6ft
c
OFT a _FLOATI M ) * SUMX2 - SUMX a SUMX
f Inter' = 1 sumy ' * * s u m x2 - sumx * s u mx y
SLOPE = FLOAT! M ) * SUMXY - Sl/MY * SUMX
IF ( OFT ,E0. 0.0 > GO TO 101
FINTER = F INTER / DFT 
SLOPE a SLOPE / DET
SUMOIP a o.O
SUMDSQ a 0.0 ________
DO 500 K = 1 , H
YCALC ( K 1 = FINTER J+ " SLOPE * X { K 
YOIFF { K I a Y*( K ) - YCALC ( K »
SIJMD J F = "SUMDIF" + YOIFF ( K  )'...
SUMDSQ a SUMDSQ + YDIFF ! K 1 ** 2 
CONTINUE
AM a M
STDM a THE STANDARD DEVIATION IN THE SLOPE 
STDM = SORT! < SUMDSQ =» AM ) / { < AM
RM = THE PRflBARLF FRROR IN THE SLOPE 
RM = .6745 * STDM
- 2. I * DET ) )
LSTO 
LSTO 
L S TO 
LSTO 
LSTO 
LSTO
067
05H
070
080
081
082
LSTQ 0B6 
LSTO 087 
LSTQ OBB
LSTO
LSTO
LSTQ
LSTO
LSTQ
LSTO
LSTO
LSTQ
LSTQ
121
153
154
155
156
157
158
159
160
LSTO 162 
LSTQ 165 
LSTO 164 
LSTO 166
LSTO 174 
LSTO 175
LSTO 177
LSTO 183
LSTO 189 
LSTQ 190 
LSTQ 191 
LSTQ 192 
LSTO 193 
LSTO 196 
LSTO 195
132
C STDR = THE STANDARD DEV! ATI ON IN THE INTERCEPT LSTO 196
*59 STDR =■ SORT! ( SUMDSQ * SUMX? ) / ( ( AM - 2. ) * l)H I I I. SIO 197
C Rfi = THE PROBABLE ERROR IN THE INTERCEPT LSTO 190
60~ RR = .6765 * STOB LSTO 199
* _ 61 AVRGF = SIJMX / FLOAT! H I LSTO 700
' 62 ' E = M-1   LSTO 201
63 VAR I AN = SIJMDSO / E
66 STOOFV = SORT ! VAR IAN )
65 AM = M LSTO 206
*66 "■ R1 = AM*SIJMXY - SUMX*SIJMY " *' LSTO 205
67 R7 = (AM*SUMX2-ISUMX**21)*(AM*SUMY2— (SUMY##2)) LSTO 706
60 CORREL = R1 / SORT ( R2 ) . _  l STO 207
C   LSTO 208
"C" ***** TEST'TO SEE IF PRINTED OUTPUT DESIRED ***** LSTO 209
_______  C LSTO 210
-------- 69--------- ISKIP a 2 "  - -  LSTO 211
70 IF ( ISKIP .EQ. 1 ) GO TO 12 LSTO 212
C" LSTO 213
C *#******#************#sci***#*****#**#***#««*tc*«««***##*****e#e LSTO 216
 ......... C LSTO 215
C ********** OUTPUT SECTION ********** LSTO 216c lstQ 2i7
71 RATE = 2.303 * SLOPE
 * 72 .....  HALFL = .01155 / RATE 1
73 PRINT 160 , FACTR , A , RATE •
 ...... 76 160 FORMAT ! IHO , 10X , ‘X FACTOR = • , F5.0 , 10X * 'A = • , F5.1 ,
1 10X , 'RATE CONSTANT = SLOPE * 2.303 = • , IPE15.6 1
75 PRINT 162 , HALFL ' ...........
 76 _  _162 FORMAT I 'O' , 10X , 1 HALF LIFE = • , F10.3 I
"77........PRINT 150 , SLnPF , FINTER LSTO 218
78 150 FORMAT!IHO,23X,37H THF PREDICTION EQUATION IS Y = ,1PE15.6, LSTO 219
I “  " 1  7H * X ,7H + ,1PE15.6 // > ’ LSTO 220
79 PRINT 5B * LSTO 223
-------- BO 58~ FORMAT C l H  ," 10X",'5HPRE X , 12X , 2HHV , 12X , 2HH1 , 11X , . - . -
1 5HPRE Y , 18X ,
" 2 1HX , 13X » 1HY , 12X » 6HY CALC , 9X » 6HY DIFF / )
_  __ C LSTO 079
t ' ■" Si bn 756" I *1» M ' " LSTO 226"
82 PRINT 59 , PREXIII , H VIM , HI til , PREY!I> »
--------------------1_..........  X { n  ^ Y(I)  ^ YCALC(I) , YOIFF (I) “ LSTO 220----
, 83 59 FORMAT ! 1H » 3F15.2 , F15.5 , 5X , F15.2 , 3F15.5 )
*86 756 CONTINUE *  " ' ‘ LSTO 230
85 ■ PRINT 72 LSTO 231
i ‘ " R6 72 FORMAT ( 1H0I LSTO 232
87 PRINT 55 , SLOPE , FINTER LSTO 233
-------- 88---- 55"" FORMAT ( IHO , 6X, 38HTHE CALCULATED ■ SLOPE = LSTO 236"
_  I t  1PF15.6 t 20X t 12HINTERCEPT = t 1PF15.6 ) LSTO 235
8 9 ..... PRINT 80 t RM t RB LSTO 736
90 80 FORMAT < IHO, 6X,38HTHE PROBABLE ERROR IN THE SLOPE = LSTO 237
.......j  ^ 1PE15.6 , 20X, 12HI NT ERCEPT = , 1PE15.6 1 LSTO 238
, 91 PRINT 81 , STOM ,* STDR LSTO 239
-------- 92---- 81 FORMAT ( IHO, 6X , 38HSTANDARD DEVIATION IN THE" ‘ " SLOPE =--- "" LSTQ 260----
, ____1 , 1PE15.6 , 20X , 12HINTERCEPT * , 1PE15.6 I LSTO 261
* 93" " “ PRINT 610 , AVRGE , M ........  " ' " LSTO 262
, 96 610 FORMAT (IHO,6X,17HTHE AVERAGE IS = ,1PE15.6, 11H BASED ON ,15, LSTO 763
116H OBSERVATIONS, 1     LSTO 266
95 PRINT 600,SUMDIF LSTO 265
96 600 FORMAT!IHO,5X,26H SUM nF THE DIFFERENCES = ,1PE15.6) LSTO 766
97 PRINT 601 , SIJMDSO
98 601 FORMAT!IHO,5X.61H SUM OF THE SQUARES OF THF DIFFERENCES = , LSTO 268
f
133
Q9
100
101
102
103
104
I 1 PI: 15.ft I
PRINT 602, VARIAN
602 FORMAT I1H0.5X,47H THE VARIANCE I DIVISION FACTOR IS N - I ) “
I , 1PE15.6 I 
PRINT ft03 rSTODEV
603 FORMAT I 1H0» 5X,57H THE STANDARD DEVIATION I DIVISION FACTOR IS N
I I  I = t 1PE15.6 I 
PRINT 210 , CORREL . M
210 FORMAT CIHO,AX,31HTHE CORRELATION COEFFICIENT IS ,1PE?0.6»
'1 11H BASED ON ,I5,15H OBSERVATIONS.I
C
Cc
***** HERE IF PRINTED OUTPUT NOT DESIRED ***£g^ .
105 12 CONTINUE
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
106
10J
100
109
110
' 111' 
112
113
C
C
c”
FOR PLOT WANT SLOPE INTERCEPT STD DEV AND CORR COEFF PUNCHED
IF C IPLOT .EQ. 2 1
1PUNCH 206 t SLOPE , FINTER , STO DEV , R 
206 FORMAT I 4E20.6 1
CT
IF I IPLOT .NE. I I GO TO 201
PRINT 900 - .
PRINT 11 t HEADR1
PRINT 11 , H E A D R 2 ........... -
CALL PLOTR ( X , Y » IDUM1 , IDUM2 , M , YCALC f 0 I
LSTO
LSTO
LSTO
LSTO
LSTO
-LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
249
250
251
252
253
254
255
256
257 
258’
259
260 
261 
262
263
264
265
266
LSTO 268 
LSTO 269
C
C
C
C"
C
* **** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
GO TO 201____ ___________
***** HERE IF DETERMINANT « 0.0 *****
114 101 PRINT 102
115' "102 FORMAT (1H0,5X,22H THE DETERMINANT » 0.01
(.
(.
(,
f
r
r
r
116
117 257
GO TO 201 
CONTINUE~
HERE IF EXCEED THE DIMENSION *****C *****
110 PRINT 258
119 258 FORMAT 1 1H1 , 25X , 64HNUM8ER OF INPUT POINTS TOO LARGE
____________ 1 ANALYSES TERMINATED I
12 0   678 STOP 500
121 1000 STOP 1000
122 END
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
LSTO
271
272
273
274
275
276
277
278
279
280 
281 
282 
283'
284
285
286
287
288 
289"
290
291
292
123 SUBROUTINE PLnTR I XAXIS * YAX1S i IX , IY i M , YCALC t ROTATE 1
124
125
1?6
127
C
C
DIMENSION XAX I SIM) , YAXISIM) , IXIM) , IYIM) , YCALCIM) , XXI6) 
INTEGER * 2 LINE < 101 ) , BLANK , DOT , PLUS , STAR * TWO »
1 PXX_L OASH_/ •-* t
INTEGER ROTATE " “ ......................
DATA BLANK,DOTtPLUS»STAR,TWn,EXX / • 2»,*X' /
********** PRINT A LINE OF DASHES ***********
134
128 PRINT 552 , EXX,(DASH,1=1,in) , ( FXX,(nASH,l=l,19),.l = l,4 ) ,f XX
129 552 FORMAT ( 1H , 15X , 1D1A1 )
C
C~ *#•> DET MAX AND MIN X AND Y VALUFS FOR SCALING . '***
( 130 YM1N = YAXIS ( 1 »
131 YMAX = YAXIS ( 1 I
132 XM1N * XAXIS ( 1 I
( ' 133.... XMAX = XAXIS ( 1 1
134 DO 305 J = 2 , M
135 YMIN a AMIN1 ( YMIN i'VAX IS (ll 1 1   ~
136 YMAX s AMAX1 ( YMAX , YAXIS ( J 1 1
137 XM1N = AMIN1 ( XMIN , XAXIS I J ) 1 - —
  138 XMAX r. AMAX1 ( XMAX , XAXIS 1 J I )
 139 305 CONTINUE ............ """ '  "------------------------ -----
140 YMIN = AMIN1 ( YMIN , YCALC ( 1 1 , YCALC ( M ) 1
----- 14f ■ —  YMAX = AMAX1 ( YMAX , YCALC ( I 1 , YCALC ( M l )
C
142 YD IV = YMAX - YMIN
143 XOIV = XMAX - XMIN
C
C ***** COMPUTE SCALED VARIABLES TO PLOT *****
-------144—  DO 310 J = 1 , M
( 145______ __ IY ( J ) = ( YAXIS ( J 1 - YMIN ) / YDIV * 50. + .5
146 IX ( J 1 = ( XAXIS ( J'l - XMIN ) / XDIV * 100. + .5 ‘
147 310 CONTINUE
( c ............ "
C *** CALCULATE SCALED END POINTS OF PREDICTION LINE . **
C " '** IF ROTATE = 0 ASSUME XAXIS ARRAY IS IN ORDER . ** _ _
C ** IF ROTATE = 1 ASSUME YAXIS ARRAY IS IN ORDER . **
-------------- ---- IF ( rot ATE .EO. 0 1 DIV = YDIV / 50.
149 IF ( ROTATE .EO. 1 1 DIV 3 XDIV / 100.
(--------- 15ff--------- ILEFT = ( YCALC f 1 ) - YMIN I / DIV + .5" ’ ~
 iji_______ IR.i2yi YCALC._I..l!,_.Lr Y”™.1 J nIV + *5
I . 152 YY = YMAX
"c ’ ...... ....  ...........
C ********** LOOP OVER NUMBER OF LINES *********
(, 1'33 'DO 350 J 3 1 •; *'S1 ’ - '
154 _____kfj.l J .     _ _ . _
( C ************ BLANK OUT LINE ************
l'S5 LINE < 101 ) = DOT .....................  ‘
156 on 320 1 = 1 ,  101
{ 157 ... . LINE ( I ) =  BLANK' - ■
158 320 CONTINUE
------- 151J  LINE < ‘ 1 1  = DOT     ~
( ______ 160________LINE ( 100 1 = DOT
C ********** LOOP OVER POINTS **********
( ~V6l " “ 00 325 I = 1 , M. '       ' “
162 IF ( IY ( I 1 .LT. L 1 GO TO 325
------- 163 LINE'! "IX ( I I + 1 >”= STAR  --  —  --------------------------
; t 164 IY ( I ) = - IY ( I )
 _ 1... ...325 - CONTINUE    ‘ .... ”............... ....... ........
C
■ ------ 165---------- IF ( ILEFT' .LT." L “I GO TO 330------------------------------- —
C IF ( LINF I 2 ) .NE. STAR ) LINE ( 2 ) = PLUS
167 IF ( LINE ( 1 I -NE. STAR ) LINE ( 1 1 =  PLUS
C IF { LINE ( 2 ) .EO. STAR ) LINE I 2 t = TWO
168 IF ( LINE ( 1 I .EO. STAR » LINE ( 1 ) = TWO
(
X35
1 69 ILFFT = - ILFFT
170 330
r*
CDNTINUF
”T71
C
IF I IRIGHT .IT. L' 1 GO TO 335
c IF < LINE I 101 1 .NR. STAR ) LINF ( 101 1 = PLUS
172 IF ( LINF ( 100 ) .NF. STAR I LINE I 100 1 = PLUS
c IF ( LINE ( 101 I .EO. STAR ) LINE < 101 ) = TWO
173 IF I LINF ( 100 I .EO. STAR I LINE ( 100 1 = TWO
176 IRIGHT a - IRIGHT
"175 ” 335
c
CONTINUE
li
c IF I 1 J - 1 ) / 10 * 10 .NE. 1 J - I I ) GO TO 360_^
176 YY = YMAX - 1 ( J - 1 ) * YDIV / 50. I
'177 PRINT 360 , YY" , LINE » YY
17ft 360 FORMAT ( 1H , F12.6 , 3X , 101A1 , F10.6 1
179 GO TO 350
IHO 360 CONTINUE
1R1 PRINT 365 , LINE
lft2 365
r
FORMAT I 1H , 15X , 101A1 I
183' 350
r
CONTINUE
186 PRINT 552 , EXX*(DASH,1=1,181 , ( EXX,(DASH,1 =1,19) , J = l ,6 ) , EXX'
IBS
ti
XDIFF = XDIV / 5.
1 fl6 XX ( 1 ) = XMIN
187 DO 600 1 = 2 , 6
1R8 XX ( I 1 = XX ( I - 1 I + XDIFF
1B9 600 CONTINUE
190 PRINT 610 , XX
' 191' 610 FORMAT ( 1H , F18.2 , F19.2 ', 6F20.2 I
C__ •
192" RETURN
193 END
**WARNING*6 UNREFERENCED STATEMENT 360 USED IN LINE 181 FOLLOWS A TRANSFER
SENTRY
X FACTOR 60
3lNlpYRROLIDIND-ENIHINO-6t5-OIMYDROTHIOPHENE-lt1-DIOXIDE TEMP 60 C .02433 
"'ENAH1 nTTUM'CT"-'<T.000129$--COClTCONC"- 0^0301 D6ACET0NE ~^T».0OI66?"
RATE CONSTANT a SLOPE * 2.3038.0 1.6934S3E-04
HALF LIFE > 68.206
THE PREDICTION E0UAT10N IS V ■ 7.353267E-05 * X * 1.585536E-02
PRE X HV HI PRE Y X Y Y CALC Y DIFF
1 9.00 2.07 18.93 1.16312 560.00 0.05809 O.05556 ■ 0.00253
10.00 2.09 19.00 1.13636 600.00 0.05552 0.05997 -0.00644
11.00 2.05 18.91 1.15305 660.00 0.06185 0.06439 -0.00254
12.00 2.06 18.80 1.15196 720.00 0.06166 0.06880 -0.00736
16.00 1.95 18.81 1.20577 860.00 0.08126 0.07762 0.00366
16.00 1.90 18.67 1.22829 960.00 0.08930 0.08645 0.00285
17.00—  " 1.90 "18.70 1.23026 1020.00 o.ovnnu 0.090R6 -0.00086
in.oo l.RB 18.70 1.26335 10BO.00 0.09659 0.09527 -0.00068
19.00 1.88 18.66 1.26069 1160.00 0.09366 0.09968 -0.00602
20.00 1.A6 18.81 I .277R5 1200.00 0.10668 0.10409 0.00239
21.00 1.86 18.70 1.27038 1260.00 0.10393 0.10851 -0.00457
22.00 1.81 18.81 1.29903 1320.00 0.11362 0.11292 0.00070
23.00 1. BO '19.00 ” 1.31966 1380.00 0.12039 0.11733 0.00306
25.00 1.79 18.90 1.31983 1500.00 0.12052 0.12615 -0.00566
26.00 1.7B 19.00 1.33627 1560.00 0.12526 0.13057 -0.00532
27.00 1.76 19.00 1.36696 1620.00 0.13511 0.13498 0.00016
• 28.00 1.69 19.00 1.60532 1680.00 0.16778 0.13939 0.00839
29.00 1.71 19.00 1.38889 1760-00 0.16267 0.14380 -0.00113
30.00 1.69 18.90 1 .39793 1800.00 0.16568 0 • 16821 -0.0027*
31.00 1.62 18.80 1 .65062 1860.00 0.16155 0.15263 0.0O893
32.00 1.60 18.50 1.66531 1920.00 0.15996 0.15704 0.00202
33.00 1.69 18.53 I.65676 1980.00 0.16339 0.16165 0.00196
36.00 1.60 18.52 1.66687 2060.00' 0.16063 0.166B6 -0.00543
36.00 1.58 19.10 1.51108 2160.00 0.17929 0.17469 0.00460
37.00 1.59 19.10 1.50157 2220.00' ~ ■ 0.17655 0.17910 -0.00255
30.00 1.56 19.10 1.55032 2280.00 0.19042 0.1B351 0.00691
39.00 1.52 19.00 1.56250 2360.00 0.19382 0.18792 0.00590
60.00 1.55 19.20 1.56839 2600.00 0.1898B 0.19233 -0.00245
61.00 1.69 19.02 1.59566 2660.00 0.20293 0.19675 0.00619
62.00 1.66 19.00 1.66931 2520.00 0.21730 0.20116 0.01616
63.00 1.66 19.10 1.65799 2580.00 0.21958 0.20557 0.01601
66.00 1.69 18.90 1.58557 2660.00 0.20019 0.20998 -0.00900
65.00 1.65 19.02 1 .63966 2700.00 0.21475 t n.21*-39 0.00036
66.00 1.62 18.96 1.66901 ' 2760.00 0.22246 I 0.21800 0.00364
67.00 1.63 19.00 1 .66086 2820.00 0.22033 0.22322 -0.00289
69.00 1.60 19.06 1 .70000 2960.00 0.23045 0.2 3206 -0.00159
50.00 1.60 19.10"' ' 1.70536 3000.00- 0.23182 0.23665 -0.00664
51 .00 1.37 19.00 1.73358 3060.00 0.23894 0.24086 -0.0019?
52.00 1.39 19.12 1.71962 3120.00 0.23538 0.26528 -0.00989
53.00 1.32 18,98 1.79735 3180.00 0.25463 0.24969 0.90496
56.00 1.36 18.80 1.75373 3260.00 0.24396 0.25610 -0.01014
55.00 1.36 19.00 1.77239 3300.00 0.24856 0.25851 -0.00995
57.00 1.30 19.00 1.82692 3620.00 0.26172 0.26734 -0.00562
58.00 1.29 19.07 1.86787 3680.00 0.26667 0.27175 -0.00508
59.00 1.27 19. 10 1.87992 3560.00 0.27414 0.27616 -0.00202
60.00 1.24
-> 61.00 1.26"
62.00 1.20
"  63.00 1.20
64.00 1.19
66.00 - ' 1.17'
67.00 1.17
' 68.00 ' 1.16
____________ 69.00_________ 1.10
70.00 ' 1.10
77.00 1.09
78.00 1.01'
79.00 1.00
' 80.00' ' i.04'
18.99 1.91432 3600.00
1R.92 1.87698 3660.00
19.18 1.99792 3720.00
19.00 ’ “  1.97917“' ’ 3780.00
19.03 1.99895 3840.00
19.03 2.03312 —  ’ —  “ 3960.00
19.05 2.03526 4020.00
19.03 —  "“ 2,05065 “ ' 4080.00
19.08 2,16016 4140.00
19.10 2.17045 4200.00
18.94 2.17202 4620.00
18.80 2.32673 46B0.00
18.90 2.36250 4740.00
19.00 “ 2.28365 ' 4800.00
0.282014 0.28057 0.00144
0.27346 “ 0.28^98 ‘-0.0115?
0.30058 0.28940 0.01118
0.29648 0.29381 0.00267
0.30080______ 0.29822 _ 0.00258
0.30B16 0.30704" 0.0OU2
0.30862 __  0.31146 -0.00284
0.31189“ 0.31587 ~~ -0.00398
0.33610______ 0.3202R_______0.01582
0.33655 0.32469 0.01166
0.33686 0.3555B__ -0.01871
0.36675”' " "0.35999 ‘ 0.00676
0,37337 ___ 0.36440___   0.00897
0.35863 "0.36881 " -0.01018
"THE"CALCULATED ---------- SLOPE-" " 7.353247E-05 ”  --------------  INTERCEPT ■ 1.585534E-02
THE-PROBABLE ERR0R-1N THE SLOPE '■ 5.262310E-07 INTERCEPT '* 1T478575E403 '
“STANDARD* QE VI AT IONTN'THE----SLOPE’ *...Ti801794E-07------------------- INTERCEPT  2vl92105E-03“
THE"AVERAGE IS * 2.549491E 03 8ASED ON 59 OBSERVATIONS. "
-SWOPTHE DIFFERENCES ■--9.327754E-05--------- ---------------------- ---------------------
-SUH-OF’THE SQUARES-OF-THE’OIFFERENCES ■ —  2.855062E-03------------------ ----------------------
THE~VARIANCE ( DIVISION'FACTOR TS~N"-' l ~7 «--'4V922520E405------------ ----
THE-STANOARO DEVIATION-t-DIVISION-pACTOR IS N“--l— ) “■ 7 .016066E-03---'■------------------
“TME-CORRELATION COEFFICIENT—IS------- 9.*968051E-0I BASED~ON--- 59— OBSERVATIONS.-----------------
I
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“3-N-PYRROLIDINO-GNJMINO-4,5-DIHYDftOTHlOPHEN6-lr1-DIOXIDE TEMP AO C Jt)2933* 
"ENftMINe_'CONCrVo.0001299 “ CDCL CDNC » 0.00301' D6ACET0NE ■' 0.001695*
-X.--
0.373* 
"6.3670*' 
0 .3607 
"0.35*3~ 
0.3*79_ 
'0.3*16 
0.3352 
"0.3289“ 
0.3225 
0.3162 
0.3098 
~0.303*" 
0.2971 
"0.2907 
0.28*9 
“6.2780“ 
0.2717 
"0.2653" 
0.2589 
'0.2526 
_0.2*62 
0.2399" 
0.2335
0.2772 
0.2208 
" 0.21*9 
0.2081 
0.2017" 
_0 .1959 
0.1890 
0.1827 
"0.1763 
_0.1699 
0.1636 ‘ 
0.1572 
“0.1509* 
0.1*95 
" 0.1382" 
0.1318 
0.1259” 
0.1191 
' 0.1127 
0.1069
"0 .1000"
0.0937 
"0.0873" 
0.6809 
0.07*6 ’ 
0.06B2 
"0.06L9'" 
0.0555
* •
* 6*
* •
*
* *
2*
X— — —  
590.00 1392.00 2299.00 3096.00 3998.00
— X
* 0.373*
a + 0.3670
0.3607
• 0.35*3
• 0.3*79
• 0.3*16
• 0.3*52
* 0.3289
0.3225
• 0.3162
0.3098
0.303*
• 0.2971
■ 0.2907
• 0.28*9
• 0.2780
• 0.2717
• 0.2653
* 0.2589
• 0.2526
♦ 0.2*62
0.2399
• 0.2335
• 0.2272
• 0.27OB
■ 0.21*9
• 0.2081
• 0.2017
• 0.195*
• 0.1P 90
« 0.1877
* 0.1763
0.1699
• 0.16*6
* 0.1572
* n. 15*9
♦ 0.1**5
• 0.1382
• 0.1318
• 0.175*
• 0.11*1
• 0.1)27
■ 0.1*6*
» 0.1000
• 3.0937
• 0.C873
• 0.03*9
■ 0.07*6
• 0.0682
• 0.0619
0.0555
60.00
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